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STUDIES IN THE XANTHONE SERIES—III* 


PREPARATION AND REACTIONS 
OF 1-ACETYL-2-HYDROXYXANTHONI 


F. Lamp and H. SUSCHITZKY 
Dept. of Chemistry and Applied Chemistry, Royal Technical College, 
Salford, Lancs 


(Received 3 July 1958) 


Abstract—The orientation and reactions of l-acetyl-2-hy yxalr R R H) 
leading to the synthesis of angular furanoxanthones Me) and ul yronoxanthones of 
the type (V) are descr ibed. The ultra-violet spectra t ended xanthon stems are discussed 


REACTIONS of 1-acetyl-2-hydroxyxanthone (I; R, Ac, R. R. H) were studied 


in an attempt to prepare physiologically active molecules of simple chemical structure, 


analogous to biologically active chromones such as khellin.! The ketone itself could 


not be obtained from 2-hydroxyxanthone (I: R, R,=R H) (or from its 
acetyl or methyl derivative) which, unlike the 1-hydroxy-isomer,’ did not undergo 
acetylation under Fries or Friedel-Crafts conditions. In another unsuccessful attempt 


at preparing the ketone, the diphenyl ether (II; R, R, = H, R, = OMe) (obtained 


10 


from o-chlorobenzoic acid and p-methoxyphenol)'® was treated with a mixture of 
aluminium chloride and acetyl chloride, but gave only 2-methoxyxanthone (1; R, 
Me, R, R H). When, in order to prevent this premature cyclisation, the ethyl 
ester (II; R, Et, R. = H, R, = OMe) was used, the following products were 
obtained: Two diphenyl ethers (II; R, = Et, R, Ac, R, = OH and R, = H, 
R, Ac, R, = OH), a diacetyldiphenyl ether of unknown constitution, and the 
required ketone (I; R, Ac, R, = R, = H), but in small yield only. The incidental 
formation of the ketone under Friedel-Crafts conditions prompted cyclisation of 
the acetyl compound (II; R, = H, R, Ac, R, = OH) with aluminium chloride- 
acetyl chloride which gave the ketone in 37°, yield. Po/yphosphoric acid, could also 
be used as a cyclising agent when the reaction temperature was kept w ithin the range of 
60-80°. No reaction occurred below 60°, while above 80° phosphono-2-oxyxanthone 
(I; R,=R,—H, R,= P(O\OH),) together with some 2-hydroxyxanthone 
(1; R, = Ry = Ry = H) were the main products. The latter two products were also 
formed when |l-acetyl-2-hydroxyxanthone was heated with po/yphosphoric acid 
above 80°, thus demonstrating the lability of the l-acetyl-group. By contrast, the 
2-acetyl and the 4-acetyl-l-hydroxyxanthone proved to be stable to hot polyphos- 
phoric acid.* De-acylation in sterically hindered aromatic ketones by polyphosphoric 
acids* and other acids’ has been reported previously. 

* Part Il was published in J. Chem. Soc. 1790 (1958) 
'C. P. Huttrer and E. Dale, Chem. Rev. 48, 543 (1951). 
J. S. H. Davies, F. Scheinmann and H. Suschitzky, J. Chem. Soc. 2140 (1956) 
F. Scheinmann and H. Suschitzky, Unpublished results 
H. R. Snyder and R. W. Roeske, J. Amer. Chem. Soc. 74, 5820 (19*2) 
> W. M. Schubert and H. K. Latourette, J. Amer. Chem. Soc. 74, 1829 (1952) 
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I and H. SUSCHITZKY 


LAMB 


Since cyclisation of the diphenyl! ether R, H, R, Ac, R. OH) may 
ling two isomers (I: R, Ac, R, R H or R, 


occur in two directions vicid 
Re H.R Ac). the result y ketone had to be orientated It was not possible to 
tone structure by means of hydrazine or o-phenylene- 


diamine. In an unsuccessful attempt to prepare the l-acetyl-isomer (1; R, Ac, 
CHO, R, 


= R, = H) unambiguously, |-formyl-2-hydroxyxant 
© 


none (| 


R H) was made to react with diazomethane yielding the oxide (1; R, Ch—CH. 


R, R H) which, on treatment with 2-N-sulphuric acid gave the furanoxanthone 
(lil: R H). The reaction of diazomethane with o-hydroxy-aldehydes as a pre- 
parative route to furanocompounds is being investigated by us. Formation of 
furanostructures by } vdro YSIS Of ethvlene Or des in tl e case of a benzene and also a 


INSUCCESS- 
| chi COCI, R, = Ac, 
R. — H), obtained by permanganate oxidation of the aldehyde (1; R, = CHO, 
Ac, R 


to react will! 


thionyl chloride, could not be made 


1. dimethyl cadmium or with diazomet 
Structural assignment of the ketone was next attempted by oxidation experiments 
f he standard 1 thods applicable to ketones was of anv avail \ 


modified hypobromite oxidation described recently for sterically hindered ketones* 


afforded a_ 1-tribromo-acetyl-2-methoxyxanthone (I: R CO-CBr,, R, Me. 
R H). Formation of an w-halo acetophenone type of compound actually supports 
placing the acetylgroup in the I-position, since only methyl aryiketones with two 
ortho-substituents are known to form stable trihalo-acetyl-derivatives in haloform 
reactions Attempts to hydrolyse the trib omocompound proved abortive When 
however, a cold solution of 1 ethoxyketone (I; R, Ac, R. = Me, R H) in 
concentrated sulphuric acid was treated with chromium trioxide 2-methoxy-xanthone-| 


dil: R CO.H, R, Me, R H) identical with the oxidation- 
formyl-2-methoxyxanthone (I: R CHO, R Me, R. H) was 


carboxylic 


product of Vins int 

obtained Additional constitutional evidence for the structure ol the hydroxy ketone 
also follow Irom its iack oO! reactivil towards ketonic reagel ts. the absence of 
chel yn (negative ferric reaction), the ease of de-acylation (cf. above) and finally from 


the similarity between the ultra-violet spectrum of its methyl ether and that of 


1-formvl-2-methoxvxanthone (Fig. | 
The hydroxyketone proved a useful starting material for the preparation of 
angular furano- and pyrono-xanthones. It condensed readily with ethyl bromoacetate 


to give the xanthyloxyacetate (1; R Ac, R, = CH,-CO,Et, R H) and by 


R 
x 
— 
4 
i 
ae 
*j. W. Cook d W. H. S. TI 195 (1945) 
; V. lL. Pansevich-Kolyad nd Z. B. Ide : h n. 28, 2215 (1 ) 
: * J. D. Edwards, Jr. and J. L. ¢ J. Al ( s 78, 3821 (1956) 
*R. Fuson and B. A. Bull, Chem. Rev. 15, 275 (1934 
4 


Studies in the xanthone series—III 


hydrolysis of the latter the corresponding acid (1; R, = Ac, R, = CH,°CO,H, 
R, = H). Cyclisation and decarboxylation occurred when the latter compound was 


heated with a mixture of sodium acetate and acetic anhydride yielding 4’-methyl- 


furano(3’:2’—-1:2)xanthone (IIl; R= Me). Its ultra-violet absorption spectrum 


~ 


(Fig. 2) resembles that of the angular furano(3’:2’-1:2)xanthone (III; R =H) 


prepared unambiguously!’ from 1-formyl-2-hydroxyxanthone. This incidentally 


| 


affords additional confirmation fort 
R, R, H) 
Bromination of the ketone in acetic acid gave the w-bromocompound (1; R, 


CO-CH.,Br, R, R, H) which was readily cyclised with sodium acetate in boiling 


1e constitution of the hydroxyketone (I; R, Ac, 


aqueous ethanol to 4 :5'-dihydro-4 -oxofurano( 3° :2’—-1:2)xanthone (IV) 
Iwo methods for making angular y-pyronoxanthones from the ketone were 
examined. In the first the impure ester (1; R, = CO-CH,°CO-CO,Et, R R, = H) 


obtained by a Claisen condensation with diethyl oxalate, was ring-closed in ethanol 


with hydrochloric acid to the y-pyronoxanthone (V; R, = H, R, = CO,Et). In 


’ J. S. H. Davis, F. Lamb and H. Suschitzky, J. Chem. Soc. 1790 (1958) 
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F. Lams and H. SuUSCHITZKY 


the second, the y-pyronoxanthone (V; R, = COPh, R, = Ph) was prepared by a 
Kostanecki—Robinson reaction from the ketone with benzoic anhydride and sodium 


benzoate 


Comparison between the ultra-violet absorption spectrum of xanthone and those 
of its extended ring-systems possessing a -d angular ring in the 1 :2-positions 
reveals an interesting feature: the k r co un ow a marked depression in the 
intensity of the principal absorption band without appreciable change in the location 
of the maximal absorption (see Table 1), e.g. xanthone absorbs maximally at 238 my, 

44.200. while furano(3':2’—1:2)xanthone (III: R H) absorbs maximally at 

33 my 25.800. A similar spectral behaviour is observed in 1-formyl-2-hydroxy- 
xanthone which. owing to chelation be regarded as equivalent to a xanthone 
with a fused conjugated angular } ensity depression in the oxofurano- 
xanthone (1\ see lable oO he conjug ited enol- over the 


MAIN ABSORPTION IMA AND COMPOU? 


methyl-homologue'® 

acetyl-2-methoxy- 
xanthone reduction in the intensity 
of their chi absorpt or The absence of any 


marked intensity changes in acetyl-2-hydroxyxanthone is probably due to steric 


effects which interfere with chelation by dislodging the acetyl-group from the 


plane of the xanthone ring 


Inspection of molecular models (Courtaulds) reveals that the presence of a conju- 


g ited angular ring next to the xanthone carbony! group moderately opposes adoption 


| 
om 
A 
IN METHANOI 
Compoun (my) 
Xanthone 238 44,200 
I 2 2)xanthone 233 25.800 
> on 
‘ 229 29,500 
|-Acetyl-2 oxy? 238 $1,800 
‘ Fr ‘ .9 ‘ 26.000 
4°-Py 6 -carb c acid, hydrate 22 24.600 
6 -Py ? 245 44.600 
:2’—1 :2)xanthon« 246 42,700 


Studies in the xanthone series 


of uniplanarity of the xanthone system, thus causirg the molecule to assume a non- 
planar structure. This steric hindrance of resonance is associated with intensity 
decreases which are more pronounced than the charge in the waveler gth of maximum 
absorption (cf. Table 1). The spectroscopic behaviour of 1:2-substituted xanthones 
appears to be analc gous to that of ortho-substituted ketones related to acetophenones 
in which similar changes in their electronic spectra on ortho-substitution are inter- 
preted as moderate spatial interference with a uniplanar arrangement of the mole- 
cule." Benzo- and naphtho-cyclenones have recently been found to show on 
substitution similar charges in their ultra-violet spectra, which is taken as indicative of 


steric interference with mesomerism.'* 


EXPERIMENTAI 
Ultra-violet absorption spectra were measured in methanol and are quoted as Amax 


(my) with ¢ in parentheses 


Fries rearrangements of CTOX) ranthone 


2-Acetoxyxanthone” did not undergo rearrargement in nitrobenzene with 
aluminium chloride at room temperature nor in the absence of a solvent at 100-110°"~ 
nor on treatment in acetic acid with BF,-ether catalyst at 90° for2hr. Starting material 


and 2-hydroxyxanthone were the only products 


{ttempted Friedel Crasts a etvlation 
(a) 2-Acetoxy-. 2-hydroxy-, and 2-methoxyxanthone gave only starting material 


on acetylation under Friedel-Crafts conditions 


(b) To a solution of 2’-carboxy-4-methoxydipheny! ether!” (2-44 g) in sym-tetra- 


chloroethane (50 ml) was added a suspension of powdered aluminium chloride (3-2 g) 


in the same solvent (70 ml) containing acetyl chloride (0-94 g). The mixture was 


stirred for 4-5 hr at room temperature and then allowed to stand for 3 days. Starting 


material and 2-methoxyxanthone*” (74°.) only were obtained 


ether 

The parent acid'® (56-2 g) in ethanol (215 ml) was esterified with dry hydrochloric 
acid gas for 12? hr. The solvent was driven off, and the residue taken up in chloroform 
(150 ml) and starting material removed by extraction with sodium hydroxide solution 
(2 N) Evaporation tf the org inic laver gave the crude ester (84 ) m.p. 39-42 
On distillation (210 /9 mm) the este solidified as white crystals, m.p 43° (Found 
702: H, 59. roth requires 70-6: H, 59 


Acetyl-4-hydroxy-2 -ethoxycarbonyldiphenyl ether 


Powdered aluminium chloride (64 g) carbon disulphide (550 ml). acetyl chloride 


(14-4 ml) and crude ester (25 g) were refluxed with stirring for 3 hr and then left 
standing overnight The residual gum, obtained by drivirg off the solvent, was 


treated with hydrochloric acid (30 ml) and crushed ice, and the resulting reaction 


90, 1946 (1957) 


|| 5 
7 
| 
: 
j 7 117 (1044 
— E. A. Braude, F. Sondheit d W. F. Forbes, Nature, Lond. 173, | 1954) 
G. D. Hedde W.G.B Amer, Ci S 3744 (1953) 
R.H 1. | E.R h, V. Vo 1 H. Oertel, Ber. Disch. Chem. Ges. ===. i 
Huse it R B D h. Chem. G 90. 2768 87) 
i ; St. von Kostancck d R. Rutishause Ber. D Ah. Chem. Ges. 25, 164 189. 


Lame and H. SuscnirzK, 


(230 ml) 


rer 
produced 


reaction mi ire simul 


. water (50 mljadded and the precipitate extrac ted 


mixture extracted with Icaving an insoluble substance A (1-42 g) 
eo From the chloroforr er an alkaline extract B was a with 2 N-sodium- me 
hydroxide (3 250 Ren Lott chlorof 1 and fractional distillation of 
in residuc Tul ed pure a d ev as a 
vello 1 (14-7 2), 199-200 Found: C, 68-3; H, 54. C,,H,O 
ed precipitate wit Brad 
(a) Acidil ext t B (sex bove) gave a solid whicl ifter 
; rec | cet drid 
( H. 4 C,.H,.O ( 
H. 4 
‘ 
5 
| ( H. 4-6. C,-H,,0O, r ( 0: H 
4-4 tat Brady's 
, 
‘ ( wit the d 
prod et er d al C, 66:2: H. 4 
es C. 66:2: H. 4-4 | th Brady's 1 nt and a 
Ta j j ; 2 Cit 
(a) tion ter 55 The eth g)a phosphoric acid (made 
from 1-9 ¢ P.O. ar I-61 rupy pl phoric acid) were ited at 55 for hr with 
Occ lirring. e reac Ature With Water (90 mi) only starting 
a mater is recovered 
(b) R n ten ure below 80°. A =Elar to that under (4) 
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several times with and sodium hydrogen carbonate The insoluble 
residue proved to -acetvl-2-hydroxyxanthone (31 °,) The sodium hydrogen 
carbor ia From the chloroform layer a yellow 
suDstal > ) 


under (a) was 
obtained by 


hvdroxvxanthone 


pitated 


0: H 


\c vave 
is WI 


ite needies (et 


} (decon p) (Found C, 64:7: 
H H,,O, requires C, 64-4 _ 34 


Hydrolysis (2 N-sodium hydroxide) 


furnished 1-carboxy-2-hydroxyxanthone as yellow needles, (benzene) m.p. 185-186 
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(decomp) (Found: C, 65-4; H, 3:2. C,,HgO; requires C, 65-6; H, 3-1%). When 
2-acetoxy-!-carboxyxanthone (0-5 g) was heated with thionyl chloride (1-0 g) in dry 
benzene (40 ml) at reflux temperature for 0-5 hr a crude, unstable acid chloride m.p 
160-165" (decomp) was obtained. It gave 2-acetoxy-\|-ethoxycarbonylxanthone when 
refluxed in ethanol as white needles, m.p. 190° (Found: C, 66-1; H, 4:3. C,.H,,0, 
requires C, 66-3: An unidentified pale-yellow solid, m.p. 175-190" was 
obtained when the acid chloride was made to react with diazomethane. From the 


reaction of the acid chloride with dimethyl cadmium only |-carboxy-2-hydroxyxanthone 


could be isolated 


rhox\ 


1 dimethyl! sulphate and 
907° (ethanol) (Found: C. 70-9: H. 3-9 


eedcies, 


ee quires 70-8; H, 4-0°.). The methoxy-compound (0-1 g) was oxidised 


in refluxirg acetone (25 ml) with 7 lered potassiun ern ganate (0-18 g) and 
worked uy 


igueous sodium hydroxide), 

ypobromite o1 treatme ol 

starting 

the ketone 

hydroxide (0-5 g), water 

nine (0-5 g) was added dropwise anc rred at room temperature 

ing white precipitate afforded 1-#ri 

wacetyl-2-met! mthor ) as plates, m.p. 204° (Found C, 38-4 

H, 1-9: Br. 4 requires C, 38-0; H, 1-8: Br, 47-5°.). Hydrolysis of the 
bromoketone (aqueous potassium hydroxide, 8°.) gave mainly starting 

(b) 
oxidised h chromium tri de g) at with stirring for | hr. The mixture was 


h water nd the precipitate collected. Extraction of the residue 


with sodium hydrog:n carbonate, followed by acidification of the extract, yielded 


l-carboxy-2-meth nthone, m.p. and mixed m.p. 244 245 


4 :5'-Dihydro- 1:2)xanthone 


To |-acetyl-2-hydroxyxanthone (0-25 g) in acetic acid (25 ml) kept at 60° was added 
a solution of bromine (0-16 g) in acetic acid (10 ml) in one portion. When by raising 
the temperature to 75° the reaction mixture had become yellow, it was poured onto ice 
The crude tribromoketone (0:27 g) m.p. 147-150, which separated as a yellow precipi- 
tate was collected and dried but could not be purified The bromo compound (0-8 g) was 
refluxed in ethanol (600 ml) in presence of sodium acetate (0-8 g) for 0-75 hr. After 
treatment with charcoal most of the solvent was removed and 4 :5’-dihydro-4- 
oxofurano(3':2'—1:2)xanthone (0-40 g) was precipitated by addition of water. It 
crystallised as needles (ethanol), m.p. 208°, Amax 229 (29,500), 250 (30,900), 300 (3000), 
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358 (9500) (Found: C, 71-2; H, 3-4. C,;HgO, requires C, 71-4; H, 32%). It gave 
a precipitate with Brady's reagent. 


4'- Methylfurano(3’ :2'—1:2)xanthone 


1-Acetyl-2-hydroxyxanthone (1-02 g), ethyl bromoacetate (1-01 g) and anhydrous 
potassium carbonate (2-76 g) were boiled under reflux with acetone (30 ml) for 0-5 hr. 
The filtrate from the reaction mixture yielded after removal of the solvent a pasty 
residue which afforded (95°) as white 
needles from ethanol, m.p. 151° (Found: C, 67:1; H, 4°6. Cj 9H,,O, requires on 
67-0, H, 4:7°%). Hydrolysis with 2 N-sodium hydroxide gave the acid m.p. 210 
(decomp) (Found: C, 65:3; H, 3-7) C,,H,,O, requires C, 65-4; H, 39%). The 
acid (0-3 g) and sodium acetate (0-75 g) were boiled under reflux in acetic anhydride 
with stirring for 2 hr. The crude product obtained by the procedure described for the 
parent compound'’’ gave 4-meth as white needles from 


ethanol, A, 235 (27,300), 318 (9600), 354 (10,600), m.p. 137 (Found: C, 76°8; 


iX 


H, 3-9. C,,H,,O, requires C, 76°8; H, 4-0%,) 


6'-Ethoxycarbonyl-4 -pyrono(3 


1-Acetyl-2-hydroxyxanthone ( £), lium ethoxide (0-3 
(0-44 g) and xylene (40 ml) were heated and ag tated on a steam-bi 
tration of the reaction mixture gave a residue which was acidified (dilut 
acid) and thet acted with chloroform (25 ml). The chlor 
repeatedly extrac 1 with aqui sé um nyarege carb ite (3 mi Acidi- 
fication of the pre ite ied ring this e ct vie 1 white substance 


(0-16 g), m.p 100 n boilins with a f ethanol ml) and concen- 
trated hydrochloric acid 1 ml) f lin a pale-yellow precipitate was produced 
which give 6 carbonyl-4 -pyrono(3 mn ) inol, m.p. 


252-25 | Amax 218 (26,000), 273 (2 346 (6500). 362 (6500) (Found: 


C, 67:8: H, H,.O, requires C, 3-6°%). Hydrolysis of the ester 
(hydrochloric acid ; Cl 
Amax 221 (24,600), 275 (20.700). 313 (6500). 345 (6000), 360 (6200) (Found: (¢ 


63-0; H, 3-4. C,,H,,O; requires C, 62 


ind acetic acid) furnished the acid hydrate, m.p. 202—2035° (decomp) 


2 
5’- Benzoyl-6'-phenyl-4'-pyrono(3 


1-Acetyl-2-hydroxyxanthone (O-5] benzoic anhydric d £) an sodium 


benzoate (0°58 g) were heated at 1£0-—190° in an air-bath for 6 hi eaction product 


was then boiled with 2 N-sodium hydroxide (10 ml) for 0-5 hr and extracted with 
chloroform (15 ml). Evaporation of the solvent and repeated crystallisation (ethanol) 
of the resulting residue gave 5'-benzoyl-6'-phenyl-4'-pyrono(3':2'-1:2)xanthone as 


pale-pink needles, m.p. 280° (Found: C, 78-3; H, 4:2. CygH,gO; requires C, 78-4: 
H, 3-6",). 
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bands at 1715 and 1279 cm”'; the first, on account of its position and intensity, may be 
assigned to the C=-O and the second to the C—O stretching vibration of an aromatic 


' which appears on the side of the 


ester, confirmed by the intense band at 1100 cm 
broad band due to the alcoholic C—O 


From the above data and a comparison of the frequencies of the characteristic 


bands in i.r. spectra of periplanetin a 1 some ben; ‘ssters (Table 1).* 1t may be 


safely concluded that periplanetin is the benzoate of a polyhydroxylated compound 


which still contains free OH groups in its m« lecule 


»-Fructose 


p-Mannose 
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Pure periplanetin forms small silver-white prisms m.p 193°. It is readily soluble in 


water. ethanol and methanol, and shows a characteristic blue-white fluorescence at the 
Wood's light. The Lr. spectrum (in KBr) is reported in Fig. | (Found: C, 54-99; 
6-07. Calc. for C,,H,,O;: C, 54°93; H, 5°67") 

The product isolated from Blatta orientalis L. by the same procedure melted at 
193° and possessed an i.r. spectrum identical to that of periplanetin 
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known to yield predominantly this isomer,” and this assignment is confirmed by 


molecular rotation considerations (see below). The diol (Ila) was characterised 


through formation of the 3-monoacetate (Illa) and the 3,17-diacetate (IIIb). 


The analogous reduction of 19-nor-17zx-ethinyltestosterone (Ib)® with sodium 
product which only after repeated 


borohydride yielded a non-homogencous 
crystallisation gave parently pure substance. The spectral data and elemental 
analvsis show this to be the hydrate of a 19-nor-17-ethinyl-A*-androstene-3,17/-diol 
(IIb), but it cannot be said at present whether it is the 3//- or the 3%-isomer or a mixture 
of the two. The stereochemical course of the metal hydride reduction of 19-nor-A*- 
-ketones is unknown and the moleculat lata do not allow a definite con- 
liol (IIb), like th nding 19-methyl compound (Ila), 


1-20-one (Vila). Although 
presi be reduced at C-3 by means of 
reduction ol progesterone 1S 


e used for the preparation of 


sodiu 

known t 

(Via) he successft net! proceeded from 
ketal (1V) “ y prepa fron 


Successive ketal a 4 Sam 


progesterone 20-cyc/oethylene 


-3)-ol-20-one acetate through 
-3 and Oppenauer oxidation 
Ihe details are al identical 


efore not given in the Experimental Section 


to > subsequently described by Gut" 


and are thet The conversion of (1V) to 

(Via) depends on finding such acid conditions as will cleave the ketal grouping at C-20 

in (V), without causing concomitant dehydration at C-3. After considerable experi- 

mentation. it was found that reduction of (IV) with lithium aluminium hydride and 
Chen 74, 
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subsequent chromatography gives 64°, of (V), which on treatment with p-toluenesul- 
phonic acid in ethanol solution at room temperature yields over 90°, of (Vla). The 
structure of the latter was confirmed by acetylation to the acetate (VIb), dehydration to 
the known A*-°-pregnadien-20-one (IX)* and oxidation to progesterone. The hydroxy- 
ketone (Vla) agrees reasonably well in physical properties with the substance reported 
by Gut* by sodium borohydride reduction of the ketal (IV) and treatment 
of (V) with oxalic acid in ethanol. A comparative experiment showed our 
acid cleavage conditions to be preferable and to result in a purer product without 
chromatography. 

Prior to the successful synthesis of the hydroxy-ketone (Vla), progesterone 
20-cycloethylene ketal (IV) was reduced with sodium borohydride in aqueous ethanol 
and the product treated with p-toluenesulphonic acid in acetone. This interchange 
method has been found in other cases to result in the smooth conversion of cyclo- 
ethylene ketals to the parent ketones Three ketonic substances resulted, 
the first of which was A*:°-pregnadien-20-one (IX).’ The other two substances 
(only one of which gave a precipitate with digitonin) apparently both possess the 
empirical formula C,,H,.O,. It was at first thought that they were the expected 3)- and 
3x-isomers of A*-pregnen-3-ol-20-one, but this proved incorrect. The compound 
precipitated with digitonin is unaffected by manganese dioxide at room temperature,” 
(33-hydroxy group not allylic) and was shown to be a/lopregnan-3/-ol-20-one (VIIa) 
by direct comparison of its acetate with an authentic sample of a//opregnan-3/-ol-20- 
one acetate (VIIb). Sodium borohydride reduction of the A*-3-ketone (IV) results, 
therefore, partly in the saturation of the double bond, a phenomenon which has been 
observed previously in another series. Lithium aluminium hydride reduction of 
\3-3-ketones is reported'* not to cause any appreciable attack on the double bond and 
in fact treatment of (IV) with this reagent and subsequent treatment of the total 
product with p-toluenesulphonic acid in acetone gives a mixture of (IX) and the 
substance giving no precipitate with digitonin 

The last-mentioned substance appears to be a transformation product of (VlIa), 
since it is also obtained by treatment of (Vla) with p-toluenesulphonic acid in acetone. 


It possesses a 20-keto group (infra-red), a double bond (yellow colour with tetranitro- 


methane), and it does not contain a free 3-hydroxyl function. It is converted to (IX) by 
hydrochloric acid in boiling methanol. After further experimentation it was found that 
the substance contains a methoxyl group (Zeisel determination) and that it is obtained 
in increased yield when the hydroxy-ketal (V) or the hydroxy-ketone (Vla) are 
treated with p-toluenesulphonic acid in methanol. It appears to be 3-meth xy-At- 


pregnen-20-one (VIII), its formation presumably being due to the presence of a small 


amount of methanol in the acetone employed. It is of interest that the reaction of the 
hydroxy-ketal (V) with p-toluenesulphonic acid in ethanol gives no appreciable 
amount of the corresponding ethyl ether. The p- and what m be the «-isomer of 


the 3-methoxy-A*-ethylene in the cholesterol series have been described recently.° The 


‘J. Romo, M. Romero, Dierassi and G. Rosenkrar J. Amer. Chem. S 73. 1528 (1951) 

Cf. G. Rosenkra J. Patak nd C. D s J, Ore. Chem. 17, 290 (1952); G. Rosenkrat M. Velasco 
ar F. Sondheimer, J. A r. Chem. S 76, 5024 (1954) 

11 J. Attenburrow, A. F. B. Cameron, J. H. ¢ pma R. M. Evans, B. A. Hems, A. B. A. Jansen and 
T. Walker, J. Chem. S 1094 (1952): F. Sondheimer, (¢ Amendolla and G. Rosenkranz, J. Amer. 
Chem. S 75, 5930 (1953) 

F. Sondheimer, M. Velasco, E. Batres and G. Rosenkranz, Chem. & Ind. 1482 (1954) 
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series,’ and yielded the 20-monoketal (XII). Lithium aluminium hydride reduction of 
the latter gave 80° of the 3 },21-dihydroxy-20-ketal (XIII) which could be regenerated 
from the insoluble digitonide. Treatment of (XIII) with p-toluenesulphonic acid in 
ethanol at room temperature resulted in the removal of the protecting group at a 
much slower rate than in the 21-desoxy series and after 6 days only 50°, of the 
product was ketonic, judged from the infra-red spectrum. Chromatographic purification 
of the resulting material, free or after acetylation, yielded no crystalline material 
and this method was discontinued when other acid cleavage conditions gave no more 
promising results 

The successful route to (XIX) involves the reduction of desoxycorticosterone 
acetate (Xb) with excess sodium borohydride in aqueous tetrahydrofuran at room 
temperature, conditions which do not affect ester groupings.” The product, which 
no longer showed appreciable ultra-violet absorption still possessed the 21l-acetoxy 
function (acetyl analysis) and presumably consisted mainly of \*-pregnene-3/,20/,21- 
triol 21-monoacetate (XIV) as judged from the known predominant formation of 
}-alcohols by metal hydride reduction of A?-3-ketones® and 21-hydroxy-20-ketones.® 
Partial acetylation of this material with a limited amount of acetic anhydride in 
pyridine yielded a mixture of products from which a triacetate ar d two diacetates 
could be obtained by chromatography 1 "1acet - proved to be \!-pregnene- 
38,208,21-triol triacetate (XV) with properties in excellent agreen i¢ known 
compound." One of the diacetates contain 1 tl ee 3 ‘system since it 
was oxidised to an unsaturated ketone with manganese di e at room tempeiature 
and a preparative oxidation with chromium trioxide u idine*” yielded the known® 
A*-pregnene-20 .21-diol-3-one diacetate (XVII) The triol diacetate therefore 
A!-pregnene-3/3,20 21-triol 20,21-diacetate (XVI) or the corresponding 3a-isomer. 

The second triol diacetate is \*-pre mene- .208.21-triol 3.2 liacetate (XVIII) 
since acetylation yields the triacetate (XV) and since it is unaffected by manganese 
dioxide. Oxidation of this diacetate with chro1 ti le in pyridine*’ yields the 
diacetate ) ne pi » 2I1- 


required \‘-preg lene 


acetoxy-20-keto grouping in the latter 1s shows bi » infra-red spectrt 1748 
and 1730 cm~!)*" as well as by 
chloride," and the A*-3-acetoxy grout 

(XX)* with its high-intensity ultra-violet maximum at 225 m . figuration 
of the 3-acetoxy group follows from consideration o lecula 1 (see below) 
and from the fact that (XIX) has been interrelated with the known triacetate (XV) 


1 route t | he ductio f (Xb) 


Lie 


A variation of the above describe 


with an excess of lithium aluminium hydride to a mixtu! triols, which icetylated 


directly with 1-5 moles of acetic anhydride. Cl natography yields a diacetate 
fraction which on oxidation with chromium triox n ] d and sequent 
separation yields (XIX) his partial acetylat yields the 21-monoacetate (XIV) 


and the corresponding free triol (XXI). TI tructures of these compounds are 


based on the fact that both can be acetylated to the triacetate (XV), while oxidation 


of (XIV) with chromium trioxide in pyridine regenerates (Xb) 


F. Sondheimer 
*H. J. Ringold, 
1° G. I. Poos, G 
R. N. Jones, P | 
A. Zaffaroni, Recent Progre 


“4 
. 
: Rosenkranz and C. Dierassi, J. Amer. Chem. S 75. 1282 (1953) 
enki z and F. Sond! r J. A Ci 78. 816 (1956) 
i vier and L. H. Sarett, J. Amer. Chem. S 75. 422 (1953) 
Herling and K. Dobrin J. Amer. Cher Soc. 74, 2820 (1952) . 
s in Hormone Research 8, 51 (1953) 
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In Table | the shift in molecular rotation in passing from the A‘-3-ketone to the 
A*-33-ol (A,) as well as the shift in passing from the A*-3-ketone to the A*-3/-ol 


acetate (A,) are recorded for the various hormone analogues described in this paper 
and compared with the known values in the A*-cholesten-3-one and 17a-methyl- 
testosterone series. It can be seen that in all but one case the A, value is about — 200 
and the A. value about 300. This n marked contrast to the corresponding 
difference in molecular rotats he ketone and the A*-3z-ol or 
A*-3%-ol acetate, which ly e (Table 1, la ne he one exception is 


19-nor thiny! LO ron whe i Val lies about half-way 


that expected for tl : and f the ol not known whether this 


ale rats, (XIX) 
showed ; it the ime activilV a h na « 4 as desoxycorticosterone 
acetate : vc 25 and 6 us \ vely he analogue (XIX) therefore 
exhibits ca. 25 of the activity of desoxycorticosterone acetate 


Lat tories, Mad 


ore 
between 
Tar Ni ‘ ) 
OH OA 
anomaly due to the d (Il cl iv deing olar compiex of the two 
a of the 19 thyl group ¢ res the A, value 
3 B In the ¢ erg assay for oral progestational activity in the rabbit 
(iia) Was und tO ave ime orac act 1/9 ivitestosticrone 
‘ the same assay. (IIb) showed the same activity as the potent oral progestational 
I 
hor 1O.nor.17 thinwlt tacternane 
* The biological tests were carried out by the I oOcrine son 1, Wisconsin, U.S.A 
R. Schoc mer and E. A. Eva Ch 114, 567 
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It still remains to be established whether the A‘-3-hydroxy hormone analogues 
are biologically active per se or because of their conversion to the corresponding 
A‘-3-ketones in the organism. 


EXPERIMENTAL* 


(Ila) 


Sodium borohydride (2:5 g) was added in small portions during 4 hr to a stirred 
suspension of 17x-ethinyltestosterone (la) (5g) in methanol (200 cc) containing 
water (0-2 cc). The mixture was allowed to stand overnight at room temperature 
and was then diluted with water and extracted with chloroform. The organic layer 
was washed with water, dried and evaporated. Crystallisation from acetone-hexane 


furnished 3-5 g (70 ie diol (Ila) with m 2 211 he analytical sample 


showe m.p 211-214 [x] 22 (MeOH) 3300 cm icetylenic hydrogen) 


irbonyl bands, 1 gh intensity absorption in the 


is formed 


dioxane 


follow ed 


[x] 60 


/ (1b) 
reduced 
ment ( 
10—145> whic 


igh- 
intensity absorption in the a-V10 he subst gave 1 ipitate with 
digitonin 1 

(Found 26: H, 9-61; Calc. for 


At. Preom n-3 ) “Olle (Via) 


p-Toluenesulphonic acid hydrate (36 mg) was added to a solution of 400 mg of 


the pure 33-hydroxy-ketal (V)(m.p. 168 170°, prepared by lithium aluminium hydride 


M 


ultra-violet 
(Found: C. 80-29: H. 9-72: Calc. for Co,H.,0O.: C, 80:21: H. 9°62°.) 
The diol vave i vellow colour with tetranitrometl No precipitate was 
< 
4s ae with digitonin in aqueous ethanol. On oxidation wit inganese dioxide in ii! 
(22°, 24 hr) 17x-ethinyltestosterone m.p. 264-2600 was regenerated 4 
(oa. a The 3-monoacetate (Illa) was prepared by means of acetic anhydride and pyridine 
: at roo temperature After crystal tion ire icetone-hexane it showed m p 
156—158 >. |x] 5300 and 1720< and tree droxyvl band 
(Found: C, 77-11: H, 89 Calc. for ( 19: H, 9-05 ) 
The dia (IIIb) Wis prepared DY ho yin dic | isn Bil novrid ne 
ae (Scc) with acet dride (4cc) for 20 Chro ip i the product 
by crystal tion from hex va 900 meg of (Ilib) with m.p. 181-182 
. 3300 and 1720 cm~!, no fi droxyl band 
(Found ( | H. S84: Calc. tor ¢ H \) ( 44 H. &-60 ) 
2 
19-Nor-172-ethinyltestosterone (1 ¢)° it sodium borohydride 
(0-5 g) as described the preceding exp tography of the product 
on alumina gave 0:8! of material n.] after repeated crystallisa- 
tion fron ther vielded t} diol nn 147-149 39 
: : * Melting points are uncorrected All chromatograms were carried out with Mlerck acid-washed” ; 
un excep Alco out Al activated rade 
‘ : solution on a | nodel S.P. 500 spectrophotometer and infra-red spec roform solution 
, (unless otherwise states ym a Baird double beam recording spectrophotometer wit rd 1 chloride 
x: if optics Analyses were carried out in our microanalytical laboratory under the direction ol Mr. Erich Meier 
| 
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reduction of pros ic > a ein ‘ne ketal ([1V) as described below) in 20 cc 


wed to stand at 23° for 90 min Sodium 
means of chloro- 


(9] of 


hydroxyl band 


(EtOH 


bicarbonate \ added and t 

form. Direct cryst om acetone-hexene yielded 320 pure 
(Via) p. 159-1 139 17041 and {rec ono 

heavy precipitate with digit aqueous ethanol: reported’ m.p. 155-161 

13> 

d: C. 79-80: H. 10-02: Calc. for C.,H..O C. 79-70: H. 10-19%.) 
of (Vi 4 ‘ (45 at > proagquced 

cetone Y ind 1704 o hydroxyl 

band 
(Found: 2; H, 9-47; for C,,H,,0,: C, 77-05; H, 

‘ acig . 
| T n {) ha el tv ap 
; 
‘ ix i) 174 19. 100 and 20.400 clively: 
al ip ption in ultra-\ ict llow 
. OMe ct Hi Calc. for ( H O 0.04 
H OM ) 
| red d it npted cetylatior wit! acetic 
tt np ure. B e ether (VIII, 14 mg) with 
cl I i d (2 Ds) | 1 ded he ne 
{ ACK the ultra-violk ctru : 

aes Finally clutior th be thy! acetate (3:1) and crystallisation from acetone- 

hexane yielded a//opreg ol-20-one (Vila, 320 mg, 18°), m.p. 190-192", 

Y no colour produced with tetranitromethane, immediate pre- 

cipitate wil n aqucous ctnanol;: reported m p 194-5", 9) 
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(EtOH). The acetate (VIIb) showed m.p. 143-144", [z],, +-74° and proved to be 
identical (mixed m.p., infra-red comparison) with an authentic s imple (m.p 142-144", 
[x] 76°) 


lithium aluminium hydride 


cyclo. 


A solution ci 


i. 
acid hydrate ( 


Sodium bicarbonate solution and ethe re added. the « 


with water, dried and evaporated. Crystallisation of the residue 


a 
Reduction of (\V) with by treatment with p-toluene- 
solution of progesterone 20-cycloethylene ketal (m.p. 190-191") (2:5 g) in 
srahwdarat i ef] () ided during I5n tirred | 
tetranvars ran ind cc) Wa ggaed Qul rea ice- 
Be 
The mixture was refluxed for | hr, the exce reagent Gecomp at eans of ethyl 
acet a da si ited soc aded til tne cipitate Degan to 
dG Lie SIGE LIS? SOU ipnate Was its removed 
by hitrat ind d we in = Li nts ' ed I crude 
imple on natograpl ‘ ved b th benzene 
n ‘ \ | d 0-17 
Ch 
nd then 580 meg (31 of p. 146-148 NO in- 20-one (VI la) 
freatment of the pure 3/-hydroxy-ketal (V) (m.p. 168-170") unde: the same 
ry-2 \ iil (\ | | 
fa) \ On 
the keto-ak VI tilled 
Chromat nic p (A 
(IX | ft Vill). Bo 
cK WOT ( DY ¢ ‘ u Cs 
‘ fig d \ 7 Vill ) 
m.p. undepressed \dmixture pre described iterial 
iene Ketal) (X11) 
SE containing 120 mg of (XIb) (m.p. 159-161") and p-toluenesulphonic 
~ 12 me) in dry acetone (3 cc) was allowed to stand at 22° for 14 hi 
layer was washed 
2 
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81 mg (75°) of the 20-monoketal (XII), m.p. 140-141 
Amax 241 mu, 16.600 
(Found: C, 72°30; H, 8-80; Calc. for 
20- Ethylene lioxy- \!-preenene-3 21-diol (XUD 
A solution of 450 mg of the ketal (XII) in tetrahydrofuran (12 cc) and ether (12 cc) 


n to an ice-cooled stirred solution of lithium aluminium 


was added slowly under nitrog 
hydride (200 mg) in dry ether (30 cc). The mixture was stirred at room temperature 
nt destroyed by the careful addition of ethyl acetate and 

solution added until the precipitate began to adhere to the 

alts removed by filtration 

d the residue crystallised 


3/7,21-diol (X11), 


yl bands in the 


j 
acetvyiation 


cc) was added to desoxvycorti- 


(100 cc). After being 
treated with a little acetic 


uted ation with chloroform 


?1-monoacetate (XIV) as a viscous ¥max 1732 cm 


droxyl band. no band ; a no high-intensity 


vas acetylated with 

was isolated 

irst crystalline fractions, 

yielded 0°65 of the 
1732 cm— 


Zcm no hydroxyl 


C, 70-40; H, 8-75: 


th benzene-chloroform (2:1) gave 1:1 ¢g of a mixture of the 


ine ¢ umn Wi 

diacetat XVI) and (XVII 

graphy and fractional crystallisation from acetone 
(XVIII) showed m.p. 142-144", [a] 20°, 1 m~' and free hydroxyl band 

(Found ; H, 9-20; acetyl, 21-21; Calc. for C,;H,,O,: C, 71-74; H, 9°15; 


] \W 


1) ese wer°re separated a combination ol chromato- 
} 


rhe required 3,21-diacetate 


acetyl 
in chloroform was unaffected by treatment with manganese dioxide 


The substance 
at room temperature for 24 hr. Acetylation with acetic anhydride and pyridine at 
room temperature quantitatively yielded (XV) 

The 20,21-d tate (XVI) showed m.p. 145-146", and free hydroxyl 


band, large m.p. depression on mixing with (XVIII) 


Bat 

+ from acetone-hexane. This procedure vielded 350 mg (86°.) of the E77 . 

m.p. 199-201 x) 94° (EtOH), strong hydroxyl but no carbon 

j infra-red, no high-intensity absorption in the ultra-violet See 
(Found ( H 9-93 Calc. for ¢ H ( 3-36 H.9 64 ) 

ae | diol give a heavy precipitate with digiton 1 agueous ethanol. On regenera- met 
se tion from the digitonide, the diol showed unchanged physical properties Be 

Reduction of (Xb) with sodium borohydride followed by partic 

A solution of sodium borohydride (0-5 g) in water (4 

costerone acetate (2:5 g) dissolved in drofurat 

al 

‘= to stand at room temperature for 70 hr, the solutior ee ie 

acid. evaporated to small volume and 

gave 2 of 1 rude triol 

(acetate) and strong hy 
absorption in the ultra-violet 

(Found: acetyl, 11-24. Calc. for C..H..O icetyl, 11-44%...) 
Th total crude no acetate (X1\ Gry } rid 2 
~ 
acetic al diide (1-36 g) for 24 hr at room temperature. | 
with ether ind chre lat grap! d on alumina (125 The 
: eluted with benzene, on crystallisation from acctone-hexa 
triacetat XV) as needles. m.p. 129-131 [a] 41°. 3 1ax 
| band: reported:* m.p. 128-131°, [],, +-40 
(Found: C. 70-56: H. 8-93: acetyl, 29-19: Calc. for C.-H,,O,: 
acetyl, 28-04 
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(Found: C, 71-44; H, 9-36; acetyl, 20-75; Calc. for C,;H,.0,: C, 71-74; H, 9-15; 
acetyl, 20-57%.) 

The substance contained an allylic alcohol grouping, since treatment with manga- 
nese dioxide in chloroform at room temperature for 24 hr resulted in the formation 
of an «/-unsaturated ketone (Amax 240 mu, ¢ 14,000). 


A*- diacetate (XVII) 
The 20,21-diacetate (XVI, 80 mg) in pyridine (1 cc) was oxidised with chromium 
trioxide (100 mg) in pryidine (2 cc) at room temperature for 24 hr. Water was added 


and the product isolated with ether. Crystallisation from acetone-hexane gave 62 mg 
of diacetate (XVII), m.p. 154-155”, [%]p +125", Mas 
36 and 1666 cm~', no hydroxyl band, Amax 241 my, : 16,000; reported :* m.p 


155-156°, [a], +-123 


A*- Pregnene-3,21-diol-20-one diacetate (X1X) 

A solution of 160 mg of the 3,21-diacetate (XVIII) in dry pyridine (2 cc) was added 
to a mixture of chromium trioxide (200 mg) and pyridine (4 cc). The mixture was 
allowed to stand at room temperature for 24 hr, diluted with water and extracted with 
ether. The product was chromatographed on alumina (8 g). Elution w ith benzene and 
crystallisation from pentane gave 62 mg of (XIX), m.p. 126-128", [x], +-98°, max 
1748 and 1730 cm~', no hydroxyl band, no high-intensity absorption in the ultra- 
violet, strong red colour with triphenyltetrazolium chloride.*! 

(Found: C, 72-16; H, 8-80; Calc. for C..H,,0.: C, 72-08; H, 8-71 °%%.) 


The presence of the A*-bond was confirmed by the yellow colour produced 


with 
tetranitromethane and by the fact that (XIX) (3 mg) on treatment with p-toluene- 
sulphonic acid (2 mg) in acetone (1 cc) for | hr at 60° was dehydrated to the A’-diene 


(XX) (Amax 228 mu, ¢ 17,000). 


Reduction of (Xb) with lithium aluminium hydride followed by partial acetylation 

\ solution of 4 g of (Xb) in tetrahydrofuran (100 cc) and ether (100 cc) was added 
dropwise in nitrogen to a stirred solution of lithium aluminium hydride (1-6 g) in 
ether (300 cc) with ice-cooling. The mixture was stirred for 90 min at room tempera- 
ture and then for 20 min under reflux. The excess reagent was decomposed by the 
careful addition of ethyl acetate, and concentrated aqueous sodium sulphate added 
until the precipitate began to adhere to the sides of the flask. Solid sodium sulphate 
was added, the salts removed by filtration and washed well with tetrahydrofuran. 
Evaporation of solvent under reduced pressure yielded the crude triol (XXI, 3-6 g) 
showing a hydroxyl band but no carbonyl bands in the infra-red, no high-intensity 
absorption in the ultra-violet. 

The above triol in dry pyridine (68 cc) was acetylated with acetic anhydride 
(1-65 g, 1-5 equivalents) at 10° for 18 hr. The product was isolated with ether in the 
usual way and chromatographed on alumina (200 g). Elution with benzene-chloro- 
form (2:1) gave a mixture of diacetates which on direct oxidation with the chromium 
trioxide-pyridine complex as above, followed by two chromatographic purifications 
and crystallisation from pentane, yielded 120 mg of (XIX), m.p. 125-127". The m.p. 
was not depressed on mixing with the above-described material, and the infra-red 


spectra were identical. 


5 
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— 
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Further elution of the column with benzene-chloroform (5:3) gave a monoacetate 


fraction which on crystallisation from acetone-hexane yielded 1-06 ¢ of the 21- 


monoacetate (XIV), m.p. 97-99°, [x],, +-46°, "max 1730 and free hydroxyl band. 
(Found: C, 73-01: H, 9-84; acetyl, 11-38; Calc. for C,,H,,0,: C, 73°36; H, 9-64; 
acetyl, 11-44 ) 
Acetylation with excess acetic anhydride in pyridine at room temperature 
quantitatively produced the triacetate (XV), m.p 129-131°. Oxidation of (XIV) with 


chromium trioxide-pyridine, as ; ve, and crystallisation of the product from acetone- 
m.p. 156—-158°. / 240 mu. 


hexane gave desoxycorticost ate (68 


15,800, %max 1748, 1736 an m he m.p. was not depressed on mixing with 


an authent ) ar infra-t tri re identical 


Fin lution of the column with chloroform-methanol (19:1) produced the thiol 


0-84 eedles acet ?—163°. strong hydroxyl but no carbonyl 


bands 1 
(| OU 
nol On 
| 


as produced in 


a 
quantitative yield 
leh en We » Dr. G Rosenk Svntex S.A. (Mexico for 
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THE OXIDATION OF THE 4-DIMETHYLAMINO-AZOBENZENE 


L. PENTIMALLI 


Istituto di Chimica degli Intermedi, Facolta di Chimica Industriale, Bologna 
(Received 8 July 1958) 


n leads to the 


proton in 4-amin »-azobenzene derivatives has been long 


lHeE position of the first 
discussed, mainly because of the difficulty to locate the protonated forms existing in 
1.1 


solution as been assumed that the deepening colour in weakly acidic solution, 


and thec lated bathochromic shift in the absorption spectra, is due to the formation 


izonium ion and to the contributing resonance structures 


and secondary ionisation constants of 


ited 4-dimethylamino-azobenzenes These compounds add a proton in 


1 and a second in strong acidic solutions. The values of pK, measured 
tometrically, provide evidence that the first proton is added to an azo 
nitrogen atom (form. 1) and the second to the dimethylamino nitrogen atom. 


Badger et al.* have evaluate * primary ionisation constants of 4-amino- 


zobenzene and of a number of N-su ited derivatives, and assun 


ZA 


ammonium 


and azonium forms are in equilibriu solution, the relative intensities of the 


Q(5000-—5400 A) and K ‘(3200 A) bands giving the approximate proportions of the two 
tautomers present 


lotz et a/.* have determined the acidity constants of a number of ated substi- 


renes, together with some p-dimethylamino-phenylazo-pyridines. The 


ts support a structure o the type (11) In aqueous solution the 
struc e and the relative ba i the 


iptake of protons 


adstoa ben enoid ratl anaau nonoid 


groups lie in the order pyridine N N(CH). 


ipeting 


Miller ef a/.* investigated the absorption spectra of ethanolic and acid-ethanolic 
solutions of a number of derivatives of 4-amino-azobenzene. Their data are in agree- 
ment with the results of Hantzsch® and Badger,* indicating that the first proton can be 


1 Maatman, J. A? 
2G. M. Badger Suttery and ewis, J. Chem. S 
I. M. Klotz ess, J. Y. Chen Ho and M. Mellody, J. Amer. Chen 
‘Gc. Cilent Mille ind J. A. Miller, J. An Chem. Soc. 78, 1718 (1956) 
4 Hantzsch and A. Burawoy, Ber. Dtsch. Chem. Ges. 63, 1760 (1930) 


: 
Abstract—This paper deals with the oxidation of 4-amino-azobenzene. Mono-oxidatio ii ===! 
‘ ‘ led ¢ 
: amine oxide > structure of whic det st It is concluded tl OX) idds first to the 
itrogen atom with the greater electron density, i.e. the nitrogen of the dimethylamino group, and 
7 md oxvgen adds to th nitrogen irom tl ibstituted phenyl! UD 
ct 
a 
tuted 
122 (1951) 
d 76, 5136 (1954). 
“4h 


i 


OXY 
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"a 
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added to either the «-azo-nitrogen or the amino nitrogen to give a mixture of tauto- 


meric forms. The work of Miller was recently confirmed and explained quantitatively 


by Pullman and Pullman.® 


Sawicki’ maintained as azonium form the tautomer (III), first suggested by 


nmetrical structure 


ymmetrical 


heterocyclic 


N-oxidation 


cation 


ne order 


lirst 
vs to the 


1 the second 


atom adds to ine wire irtne rol | LerTOCVCHIC nucleus (% posi- 


pres im ib] th aj whicl he second Oxy adds 


Whereas the 4-phenylazo-pyridine there is no doubt about the 


243, 


H. J 
Colon 


86, 1067 (1956) 


. 
Sheppard® and rejected by Rogers,’ Jaffé’ suggested a syn 
of the tonated Li Up IV) 
The } vem of t tive b f the nitrogen atoms in basic un; 
azocomp ds | ken approaches th part respect to the =: e 
and N-prot lio! I he { protonated nit en. and therefore the nitrogen > i 
rst prot ted gilt ic ‘ ) One wit the greater 
co ite bon ( S n the N ation, the same pair of _— 
ciecl nthe nil cd al ine extel of availability of the 
paired clectro ) the addition ato On the other 
hand, the city tom ¢ on tive stability of the 
formed by the proton additior ce sta frequently of the sara 
of p nce elects ete However, the electron — 
det e nit n at i det ng factor of the oxygen position and rate a 
cont xidation. equ ficient ong basic nitrogen atoms 
le ne O% re ead to an cquiiodorium 
between two forn 
It is been shown, in phe 1Z0-pyridine i guinolines, that the mono- 
oxidauo es toward St density, to whic 
proton add thus int 1-1 o-de t on en atom 
pyridine nitrogen, to ch the t proton adc In the further oxidation i777! 
4 
rN 
4 
* A. Pullman and B. P C.R. A S Paris MMM 1322 (195¢ ie 
E. Sa ki, J. O Ci 22, 365 (195 , 
"3.6.3 par ind P. T. N ) Amer. Chem. Soc. 64, 293 1942) 
éand R. W.G r, J. Amer. Soc. 80, 319 (1958) 
na, A. Risaliti and L. Pentimalli, Ga Chim. Ital. : 
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position of the first proton, and consequently of the first oxygen, the position of the 

first proton in p-dimethylamino-azobenzene is not known for certain from previous 
/ : 

work 


On the basis of the above assumptions, in the mono-oxidation of Butter Yellow, 
the «-azoxy (V) and the amino oxide (VII) are the most probable structures. 

The structure (V1) seems unlikely, on the basis of Rogers’ considerations, supported 
afterward by Badger et a/.,” who rule out the form (IID) protonated on the azo nitrogen 
closest to the sub ted phenyl gro hile in the unsubstituted azobenzene the two 
nitrogens are equivaient f the dimethylamino grouping in para position, 


with its | and M effect, give ise an electronic conjugation producing an 


th the 


reported by lotz ef on jugation I (\ 


presence ol 

nitrogen with respe he amino! 

between the two substituents, —N(CH in , the azo group does become 
more basic than it is in the unsubstituted azobenzene, wl he dimethylamino group 
becomes less basic with re he unsubstitute ethylaniline; the relative 
basicity will be still higher for the dim 10 2 which will be thereby oxidised, 


and protonated, first 


CH, CH CH , 
Hs H, \CH 
4 
N N N 
et, tae . increase of the negative charge on the nitr | farthest from the amino group 
— Both the azoxy compounds (V) and (VI) are reported in literature." The single . 
ey i structure of the two tautomer isomers has been estab d by Anderson” on the basis ’ 
of their properties, as stability and abDsorpuion cu es (Fi 1) 
Mono-oxidation of 4-d etnyia no-azobenzene teads almost exciusively to the 
; 
> 
N-oxide on the amino nitrogen (VII), the structure of which has been unequivocally 
demonstrated 
ic not irnrising and it is In avreement wi acidity constant values 
| 
TABLE 1. Actpiry CONSTANTS, pKa, AT 25 ¢ 
A zobenzer 7-48 
: W. Anderson. J. Chem. S 1722 (1952) 
ee 12 C.K. Ingold, Structur i Mech m in Organic Chemistry p. 746. Cornell t versity Press, New York 
eae, ! (1953): the higher value has been reported by W. C. Davies and H. W. Addis, J. Chem. Sox 1622 (1937), 
cae the lower value by G. Thompson, J. Chem. Sox 1112 (1946) 
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o-azobenzene 


azobenzene, due to 


ected if Table 


azocompounds show an absorption band (R band) at about 440 mu, with 


> 
oe The observed value of the second acidity constant for the 4-dimcthylamin iii = 
‘oe referring to the azogroup ower than that of the unsubstituted EI: “. 
effect of the protonated amir 
j 
j \ j 
a 
~~ ; 
/ 
\ j 
20% 25 35 400 45 SO 
; 
4 Evid wr the structure assigned to the ar (VII) is provided by the 
\ data pond tot iC, H,.N,O th one oxyeen 
b) TI ibie 1 the azo structure, the azoxy 
| 
{d) The fe if o IDSory m curs a ent ine ass 1ed 
7 
ee structure. | i of / ind related absorption intensities of p-dimethylamino- 
\ll of the 
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TABLE 2 WAVELENGTH (my) AND CORRESPONDING INTENSITIES (log €) IN THE 


*ECTRA OF AZ ND AZO BENZENES IN ETHANOI 
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p-Dimet yenzenc 410 (4-44) 
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CH 
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\. Pongratz, G. Marker: | E. Mayer-Pitsch, Ber. Disch. Chem. Ges. 71, 1293 (1938) 
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mu. With the azoxy-compounds, where the N N group is replaced by the 
azoxy group, such a band does not appear and it is doubtless absent also for the 
x- and #§- Butter Yellow azoxy derivatives, wherein the corresponding region 


covered by the broad conjugation band of the dimethylamino grouping. Evidence 


tr f e azoxvbenzene an 1¢ p-dimethylamino- 


cides (IX) and (X), showing no absorption beyond 400 mu 


2:78, for the oxidation 


1 with a low intensity value. log 

compound with suggested structure (VII), indicates clearly the occurence of the 
N N— group 

The amino oxide structure is also supported by the disappearance of the broad 

intense absorption band at / about 410 my, associated with the conjugation of 

the substituent. This is shown by the comparison of the values collected in Table 3: 


the spectrum of the amino-oxide azo is practically identical to that of the methiodide 


and therefore identical to that of the unsubstituted azobenzene (Figs. | and 3). 


32 
0 CH; 
© / 
\ 
on 
/ \ 
i 
\ 
40 
: \ \ 
\ 4 
345 
a ‘ 
i 
\ 
\ 4 
4 / 
\ / 
i i 
oi 200 250 300 350 400 450 500 550 
my 
Fic. 3 
4 for this is provided by the spec 
azoxybenzenes amino-c 
(Fig. 4) 
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TABLE 3. Amoay (mp) AND INTENSITIES (log €) OF ABSORPTION SPECTRA IN ETHANOI 
229 (4-11) 


lamino- (methiodide) 


amino ami oxide 279 (4-05) 


The conclusion that the first oxygen, in p-dimethylamino-azobenzene, goes to the 
nitrogen 1s consistent with the results 1 rte y Klotz et a/., who attribute 


to the amino group the primar\ a 1e ques of the absorption 


spectra of amino-azobenzenes in weakly acidic solution, however, is not readily 
resolved. It has been seen, from the resonance structure (VIII), that 
conjugation between the amino group and the azo group is to increase the basicity 


of the latter at the expense of the basicity of the former rhe deep red colour and the 


strong spectroscopic absorption of the acidic solutions can be explained by the 


existence of two tautomeric forms, ammonium and azonium, present in equilibrium, 


as maintained by cited authors. 
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Azobenzen 3) 
p-Dineth) 319 (4°32) 443 (2-73) 
Dinethy 318 (4-28) 435 (2-78) 
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ste 


ts is the structure assigned by 


-azobenzene. By oxidation ofl 


is obtained to which 


ently inconsistent 
yian 


oxide AZOXKY 
leat 
ation products, 


by e 
e (IX). Among the possible ’ 
rough the f-azoxy (VI), which by 
As the mono-oxidation 


appal 
p-dimet 


Another fe: 
xidation product of 


Angeli 
Butter Yellow 


‘to the bis-o 
acetic acl 


tructul 
in be ob 


Ca 


by Anderson 


ned to the azoxy 


‘r undergoes 


the same conditions does not react 
Vas 


By oxidation of the # azoxy (VI) a bis-N-oxide was obtained, having properties 
rhe assigned 


identical with the amino oxide azoxy prepared from Butter Yellow by oxidation with 


an excess ol peracetic acid 


Cain 


different from those of the bis-oxidation product of Butter Yellow 
Ga Ital. 46, 94 (1916). 


ei 24, 1190 (1915) 


ote 
34 
an amino-ox! 
oxidation can 
‘ 
: 
ae furnishes the N-oxide at the amino group, (VII), that is the primary oxidation step, a 
evel nm tne Ol ( POU t. DY turther oxidatior one can ovdtain 
OY (X) Ind of the two 70 trogen atoms in the a7o amino 
oxide (VII). the pecomes positively cha ecg, to the effect of the : 
substituent. and will have tess tendency to Di id the oxygen atom, which takes up t ¢ i 
free electron pair on the « nitrogen ato! peace 
N 
lo explain this the p-d metnhvian 10-a70OXV COMmpouNnds described 
have bee prepared Additional evidence that the structures as 12 
smoot romimation Ww ne womer unacel 
; By oxidation of the « isomer with peracetic aci 
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structure of amino oxide / azoxy (IX) is therefore correct. The absorption spectra 
(Fig. 5) are very similar for the two bis-N-oxides, owing to the analogous structures 
and the lack of different conjugation forms. 

Hence, in 4-dimethylamino-azobenzene the nitrogen atom with higher electron 
density is the amino nitrogen and for the bis-oxidation compound the structure 


Of %-aZOxy amino oxide is correct 


EXPERIMENTAI 
p-Dimethy lamino-azobenzene amino-oxide 


To a cold solution of p-dimethylamino-azobenzene (10 g, | mole) in chloroform 
/ 


(15 ml) a cold solution of perbenzoic acid (6-12 g, | mole) was added dropwise. After 


standing overnight the peracid had disappeared, the solvent was evaporated and the 


residue stirred for 1 hr with sodium carbonate solution (200 ml) filtered and washed 
with water. The orange yellow crystals were air dried, washed with ether and dried 
over P,O, in vacuo; yield, m.p. 123-125°, 11 g. Long orange prisms (dioxane), dried 
for 24 hr in vacuo over P,O,, yield 9-8 g, m.p. 126-127°. (Found: N, 17-36; Cale. 
for C,,H,;N,0 : N, 17-42%) 
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50; ry CH 3 
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Fic. 5 


%6 PENTIMALLI 


and [i-p-dimeth lamino-azoxyvbenzenes (V and V1) 
The isomeric p-dimethylamino-azoxybenzenes were prepared by condensation of 
phenylhydroxylamine with nitroso-dimethylaniline.' 


[he @ isomer (VI), m.p. 122° (1 g) in chloroform (20 ml) was added to a solution 


of bromine (1 ml) in chloroform (7 ml); after 4 hr in the refrigerator crystals 


separated hese were filtered. stirred with sodium carbonate solution, washed with 


water and dried. Orange yellow plates (ethanol). of brominated azoxy compound, 
were obtained. (Found: N, 13 Calc. for C,,H,,BrN,O : 13-12”,) 


The « isomer (V). under the same conditions, was recovered unchanged 
(X) 


f p-dimethvlamino- 


peroxide (50 ml) was 


colour became orange- 


carvdonate 


llow prisms 


vellow needle 


p- DI 
(a) bis-Oxidation of the Butter Yellow To a fine suspension o 
added and the mixture heated at 40° for 48 hr until the purple 7 p 
leg sal me of v te creat excess gor 
(ca. 400 ml) of dilute (1 1O)H SO, vas added, by coo 1 Ice The sulphate of the — 
azoxy-amino-oxide separated as bright orange leaves. After 6 hr in ice the sulphate eee 
was filtered, suspended ttle water and stirred for 50 min with soqdnwn) Ei! ae 
solution (200 = crude compound, vellow leaves, (10 2) ale yo 
(dioxane), m.p. 125 6°, after 3 days over P,O acuo. (Found: N, 16°30. Calc a 
for N 16-33 ) 
— 
ib) al | ad (V) lo ageep vreen 
solutio Of Z-AZOXV Ci pound (Urs } } cial acetic acid (10 mi) 36 hydrogen 
peroxid ac t 40 to 4 citron vellow solution #2 
ted sed Vv od droxide d extracted with chloroform 
The solvent evap ed sid washed th benzene 1 dried in vacuo 
PO 123 l DOU a sp red alumina 
co | ellow band product, m.p 
25-12 er P.O bove dimethvlamino-z- 
c xed m.p d e 1 nectra. (Found 
N, 16°40. Cak r C,.H,.N,O 
O TLL Vil) lo a 
the cater 1) for 48 he 
gd: N. ( C,.H,.N.O N. 16°33 
p- D umino-(3-a (IX). Oxidation of the p-a 
‘ (V1) i 
, 
(20 ml) ivaroge pcroride were e mixture heated at 40 
for 241 | e resuil Ori ) Wa tra arox de and 
er | wrated ta brown crvstals which 
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m.p. 117-118°, of p-dimethylamino-/-azoxy-benzene amino oxide, not identical with 
the isomer «-azoxy amino oxide, as shown by the physical aspect and m.p. (Found: 
N, 16°44. Cale. for C,,H,;N,0, : N, 16°33°,). 


U/tra-violet-visible absorption spectra 


The absorption spectra were determined in 95°, ethanol with a Beckman Model 


DU Quartz spectrophotometer 


é 
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THE ¢ LINK BY ALKALI AND OTHER REAGENTS 
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Abstract 
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1 hr the results with fluoroacetamide were as follows 


above tha ive to be 
out with some g nucleophilic reas ICCESS he 
obvious choice d reag m bromide 


| yield to- 


converts methyl roacetate into | 


er with traces of diphenyl.’ We have shown tha 1e! hy! fl 


fluoroacetate reacted 
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’ 
After heating for 
F in ou \ Fa Cak r CH,F-CONH 
1-5] | 4-4, 0-24 24 
24:34, 239 
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luoroacetamide ¢ in be ovDtained in a hig ly pul ned ind good al ilyses 
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under reflux, without cooling, with 3 moles of phenyl magnesium bromide, 1:2:2- 


triphenylethanol* was produced. This facile rupture of the C-F link was unexpected 


and separate experiments showed that at least 


77-5 per cent of the fluorine was elimi- 


nated as fluoride ion. When the reacti was carried out at 0, 1:1-diphenyl-2- 
fluoroethanol was obtained hree moles of phenyl magnesium bromide reacted with 


cooing, to give <-tripi iviethanol 


| mole oft tuoroacet' 
ind bro- 


ith potas- 


> CH, =CH-CN ——> CH,CN( 


hydroxy! 
abse ce 
with the 
ted compounds 


ahydroturan 


= 
mine atoms in I|-fluoro-2-bromoethane or instance the latter reacted W 
sium CVANALS LO 4 UOTOCT \ pA cent vieid lve now 
ie shown wever, that etha c potassium cyanide will remove both the halogen atoms 
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( u ore cetate | Fe oved all the UOTING 
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: lt dered that, in the next homologue fluorobutyric acid, the fluorime 
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" ‘ ‘ re 
eroup and showed no signs o nsaturatior Inti ed spectra pi 
( {) ( stietc ng irec ‘ found tetrahydrofuran and rel 
Moreoy ‘analysis and reactions agreec th that of 2:2-diphenyltctr 
i ind the following pathway for the reaction ts suggested 
Ph 
Ph 
F(CH,).COOCH > F(CH,). C—OH 4 
Ph 
Ph 
= 1S. W. Be Mck iW. B h Chev G 70, 2156 (1937) 
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Under the same conditions phenyl magnesium bromide and methyl y-chlorobutyrate 


failed to produce the diphenyltetrahydrofuran 
In the course of our systematic investigations oftoxic organo-fluorine compounds,'® 


we attempted to degrade ethyl /-2-fluorocthoxypropionate by the Barbier-Wieland 


reaction as follows 


R-CH,CH,COOC,H, R-CH.CH,C(Ph),OH 


2-CH,CH=CPh, » R-CH,COOH 


rhe first product actually obta 


result of halogen interchange 


exchange of fluorme 


luoring 


phatic-bound f 


that the Grignard 


halogen into close 


series would also 


fluoroethoxy acetate wa 


bromidck A fluorine-ft 


eviaence, INnciudain 


carbinol, BrCH,CH,-O-CH.¢ 


Determinati OT fiuo 


as to contain about 200 mg of 


flask. Pure sodium hydroxide (10 m 
the mixture heated under reflux for | hi 


and the fluoride ion determined in 25 ml by the 


for fluoroacetamide appear on p. 38 


Reaction between phe 
benzene (15-7 g) was di 
magnesium turnings (2-5 g) 
the bromobenzene was added slowly an 
then cooled in ice-water, and a solution 
(15 ml) added with stirring. A vigorous 
which was soon replaced by eavy oil. 1e mixture was heated unde: 
15 min, poured on to a mixture of ice (100 g) and 10 per cent sulphuric acid (60 l)and 


2774 (1949) 


°F. J. Buckle and B. ¢ Saunders hen > 


~ q 
ne with a Grignard reagent could be summarised as follows 
R—F + PhMeBr—> PhMeF + R—Br—> Ph-R + MeBrl 
igihae he . In view of this, it is difficult to state categorically whet tne et ru ge to the ; 
< 
ae C-F bond has a specific influence on the halogen intercha Doubtless, the fact 
reagent can co-ordinat e ether lin! ringing the 
“7. In any case it was of interest to det whether t wel ue of the 
ic: eact ith the sa eas Acc thyl 2- 
Pees was allowed to react with three equivalents of p nesium 
red spectra, showed it to diphenyl 2-br« rethoxymethy! 
p EXPERIMENTAI 4 
a C-F compound. An amount of the compound, such 
2 CEES me of fluorine was weighed into a 25 ml round-bottomed 
The solution was ther a up to 100 ml 
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the oil which had distilled over 


then stecm-distilled. On cooling overnight at 0 
solidified (0-514 g) and was readily sublimed at 40°/0-5 mm and recrystallised from 
ethanol, m.p. 68-9. Mixed m.p. with authentic diphe vl, 69-70 

The vellow oil left in the flask afte: steam distillation was extracted with ether and 
1 fluoride (see below), the ethereal layer 
The ethereal layer was evaporated and a viscous oil (6°24 g) 


remained. On warming the oil with light petroleum (b.p. 40°—-60 ) and then cooling to 


0°. yellow waxy crystals (1-5 g) separated. These were recryst ullised from light petro- 
leum (b p. 40°-60°) and had m.p. 86°. (Found: C, 87-6: H, 6-7. Calc. for C.,H,,O 
C, 87-6: H, 6°6 per cent). Mixed m.p. with authentic | :2 2-triphenylethanol (m.p 87°) 
gave no depression 


The product (i00 mg) was heated under reflux for 30 min with acetic 


anhydride (2 ml) and poured into water. The oil which se parated solidified and was 
recrystallised from benzene-light petroleum (b.p. 60-80) mixture The 1 :2:2-triphenyl- 
ethylacetate thus obtained had m.p. 158° and could be sublimed. (Found: C, 83-7: 
H, 6-2. C.y.H.,O, requires C, 83-5; H, 6°4 per cent) 

{nalysis of the aqueous ution for fluoride ion. Methyl fluoroacetate (2-57 g) was 
allowec¢ eact with phenyl magnesium bromide as above. The product was not steam 
distilled t extracted with et The eous solution was made up to 500 ml. This 
solution | |) and concentrated sulphuric acid (25 ml) were mixed and steam distilled 
in the presence of powdered glass Fluoride was determined in the filtrate by titration 
with thorium nitrate (Found: F~ in 500 ml 0-41 g. Total fluorine in methyl 


(0-53 2 therefore the amount of fluorine converted to F~ by Grignard 


Re Pel ‘aa pren ide and fluoroa @late al 0 The 
Grignard reagent [bromobenzene (15-7 g), magnesium (2-5 g), ether (50 ml)] was 
placed in a freezing mixture and methyl fluoroacetate (3-2 g) added dropwise with 
vigorous stirring so that the temperature did not rise above 0°. The product was 
icidified, and on standing overnight a yellow oil and white crystals were obtained 
he latter (1:1-diphenyl-2-fluoroethanol) were recryst illised from carbon tetrachloride 
und then from light petroleum (b.p. 60-80°). Yield 2:8 g m.p. 71-2. (I ound: C, 
77:2: H, 5-8. Calc. for C,,H,,OF: C, 77-8; H, 6°0 per cent) 

R Petiween ln aenesiun oron ide and fiuoroacel y/ chi ride To the 
Grignard reagent from bromobenzene (47-1 g), cooled to 0, fluoroacetyl chloride 


(9-65 ¢) in ether (100 ml) was added with stirring. A vigorous reaction followed and an 


orange-coloured oil separated The mixture was then heated under reflux for 15 min, 


nd dilute sulphuric acid (180 ml) and the ether layer separated, 


poured onto ice (150 g)a 
dried (Na,SO,) and distilled. A red oil (19-2 g) remained. (The aqueous layer gave a 


positive test for fluoride ion.) On stirring the oil with light petroleum, crystallisation 


slowly took place and the solid was recrystallised from ethanol and had m.p. 145-151 


(1 g). This was sublimed at 120°/0-2 mm giving a residual solid, m.p. 120° and a 


liquid sublimate which ultimately crystallised and was recrystallised from light 
petroleum (b.p. 40-60"). M.p. and mixed m.p. with authentic 1:2 2-triphenylethanol, 
R4 

{ction of potassium cyanide on bromofluoroethane. Bromofluoroethane (50 g), 


potassium evanide (26 ¢). ethanol (90 ml) and water (15 ml) were heated under reflux 


B. C. Saunders, Phosphor md Fluorine p. 115. Cambridge University Press (1957). 


- 

4 
— 
fluoroacetate 
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for 6 hr. The mixture was cooled, allowed to stand for 2 hr. Solid was filtered off 
and ethanol removed from the filtrate and the residue fractionated: 

(1) B.p. below 20°/21 mm (7-23 g). F(—). CN(—). 

(2) B.p. 25°/21 mm (25g). F(+). CN(—). 

(3) B.p. 116-120°/2 mm, with charring. (8-0 g of solid). F(—). CN(-+-). Sub- 
limed readily giving crystals m.p. 53-54. (Found: N, 34-9. Calc. for C,H,N,: 
N, 35-0 per cent). Mixed m.p. with authentic succinonitrile showed no depression. 

{ction of potassium cyanide on methyl fluoroacetate. Methyl fluoroacetate (27-6 g), 
potassium cyanide (18-3 g), methanol (90 ml) and water (5 ml) were heated under 
reflux for | hr, and the mixture filtered. The methanol was slowly distilled off until 


crvstals began to separate. These were dissolved in water giving a cloudy solution 


which was centrifuged, purified with charcoal and concentrated. The potassium 


fluoroacetate that separated was recrystallised from ethanol. (Found C, 20-9: 
H, Cale. for C,H,O,FK: C, 20: 


{ction of magnesium bromide on methyl y-flt »hutyrate. The Grignard 


reagent [bromobenzene (16-5 g), magnesium ) and ether (50 ml)] was cooled to 
0° and methyl y-fluorobutyr ite'* (4-2 g) in ether (10 ml) was added with stirring, and 
then heated under reflux for 15 min e mixture was cooled and acidified with dilute 
sulphuric acid. The ether layer was separated, a1 the aqueous layer extracted with 
ether (2 10 ml). The ether layers were washed with sodium bicarbonate solution, 
water and dried (MgSO,). After distilling off the ether, the residue (8-6 g) was dis- 
tilled 

Iwo fractions were obtained 

(1) B.p. 80°/0°9 mm and was dipheny 

(2) B.p. 110-130°/0-9 mm and solidified his we uorine-free and 
hydrofuran 


| 65-5 


recrystallised from ethanol as needles, m.] e 2:2-diphenvyitetra 
85-95: H, 


thus obtained had mixed m.p. 40-45 with dipheny (Found 
C,H, O requires C, 85-7; H, 7-1 per cent) 


{ction of phe nyi magnesium hromide on eth, 2-Jiuoroethoxyva fd Ethyl 


fluoroethoxyacetate!® (5 g) in dry ether (15 ml) was added slowly to the Grignard 
reagent [from magnesium (2-4 g) and bromobenzene (15-7 g)]. The mixture was 
boiled under reflux for 25 min, cooled, poured on to ice (100 g) and dilute sulphuric 
acid (80 ml), and steam-distilled. Diphenyl (0-5 g) came overt 

The aqueous residue was extracted with ether, dried (MgSO,) and the ether 
distilled off and the product recrystallised from ethanol and then from light petroleum 
(b.p. 40-60°). The diphenyl 2-bromoethoxymethyi carbinol thus obtained had m.p 
64-6°. (Found: C, 59-5; H, 5:1. C,.H,,OBr requires C, 59-8; H, 5-3 per cent). 
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Abstract 
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1umMa rine in 1951.! The excretion of 
iS reported to vary noticeably and to be 
his compound occurs in the 
been identified as an 


ical importance of this 
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could be prepared. This showing [z]) 14° (in benzene) was desulphurised by 
heating under reflux with Raney nickel catalyst in acetone solution. The resulting 


(+-)-2-methyl-1-phthalimidobutane (II1) showing [x], +-24° has the identical sign of 
optical rotation as the same compound obtained earlier® from (—)-2-methylbutanol. 
It is known!’ that natural (—)-2-methylbutanol (“active amyl alcohol”) has the 
configuration (IV). The same configuration (IV) can be assigned, therefore, to (-+-)-2- 
methyl-1-phthalimidobutane (III) and, consequently, (—)-«-methyl-/-alanine should 
have the configuration (V). In the earlier proposed terms’' (—)-x-methyl-p-alanine 
would, therefore, be (R)-x-methyl-p-alanine 


CH CH 


RCH,CHCOX 


OH 

CHN 

CH 

RCH.CH(CH.)CH 


CH,OH 


EXPERIMENTAI 


phth 
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remo ed und 
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gee 
nhtha lanronionic acid (la) finel powdered mixture ol ( 
methyl-/-alanine (prepared fro lycine,'* 7 g, 0-06 ole) and phthalic anhydride (11 
‘ 7, 0-074 mole) was heated at 110° (te pera Cc 4 tne reacuiol Cc) il bath 
I 
Lustrous leaflets of (--)-x-methy! yht nidopropionic acid were obtained (13 g, 
83°). The analytical sample was re sed from the same solvent mixture and 
dried at 60° /0-O1 n m.p. 16] (Found: C. 61-83: H, 4-76. Calc »H,,O,N 
( | At) H 4 
, 
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brucine salt of low solubility, [z],, 442° (Found: C, 66°68; H, 6-03. Calc. for 
C,,.H,.O,N C, 66°97: H, 5-94") 
4 more soluble diastereomer could be isolated from the filtrates by fractional 


{ -x-Methy/ phitha lopli nic acid To a suspension of the brucine salt 


(11-4 ¢ [x] 44°) in wate (S500 cc) 4 N HC] (250 cc) was added and complete 


water, 


ate was 


der reduced 


essure 0-46 @ of { )-x-methvl pi thalin idopropion c acid was obtained (total 


Fractior il crvsta sation ol the iC d (3-5 : [x], 1] ) from aqueous ethanol (1 1) 
was carried out; 0-9 g of racemic acid \ solated. The optically pure (— )-x-methyl-p- 
phthal dopropi c acid was obtained fi the filtrates (0-9 g). A small sample 

owl Liv, 20 was sub tor anatys at iivv 15 0-001 mm and showed 


(Found: C, 62-02; H, 


1-99 


(0-93 


The pale yellow (— )-x-meth ila e hvdriodide was dissolved in water (400 cc) 
and passed through a column conta IR-4B Amberlite 1on-exchange resin (10 g, 
CO} I he rate cc) was evapo ited to dryness under reduced pressure, 


After evaporating 


0-001 mm gave the pure acid 


with the m.p. 173-175 ind l4 (c, O4 water) (Found 


were refluxed for 1-5 hr (oil bath, 70°). The excess of thionyl chloride was evaporated 

under reduced pressure, and last traces removed by dissolving the residue benzene, 

and ¢ iporating to dryness, icaving crystalline zo cinyvi- phthalimidopropiony! 


U6 } 


4 solution of the foregoing chloride (1-06 g, 0-0042 mole) in benzene (6 cc) was 


from g of nitrosomethy!- 


added to an ethereal solution of diazomethane (prepared 


urea) at 0 After standing for 6 hr at 0° the ethereal solution was filtered and evapo- 


rated to dryness under reduced pressure. The yield of crude | )- 1-diazo-3-methyl-4- 


phthali nidobutan-?-one was g. (100°). crystallised in vellow needles m p 113 


114° and [a}j; —-70° (c, 2-345 in ethyl acetate). The analytical sample was recrystal- 


lised from ethyl acetate-petroleum ether, m.p. 119° (decomp.) (Found: C, 60-96; 
H, 4-49. Calc. for C,,H,,O,N,: C, 60°69; H, 4-31°,) 
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. 
and di ed, vield ). Io 1-85 yotorm) ne | It 
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water, and tne trate Ktracted with eous layer was evaporated to 
di Yess Addit n ot water a levaporauion was repeated no trace of tree hvydriodic 
the wate CTVSLAIS OF thv! ila e were obtained (0-4 ¢. 99 ) 4 
7 46°63; 
H, 8-44. Calc. for C,H,O.N: C, 46°59; H, 8-80°,) 
(—)-1-Diazo-3-methyl-4-phtha lobutan-2-one (1b). (— )-x-Methyl-/-phthalimi- 
and thionyl chloride (8:5 cc) 
chk 
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After heating this diazoke e in organic solvents or after prolonged standing at 
room temperature racemisation occurred 

(\c) 
phthalimid 1-2 e (Ib, 0-32 


HI (1-5 cc) was a - with stirrin 


0-0012 mol 


mixture was diluted with cold water ( an I I } } o the sepa- 
rated chloroform layer cold water (10 cc) m and the 


mixture shaken until the ch 
tion was treated with a small quantity of cl 
under reduced pressure 


t-one (0-28 100 


irom 


H.O.N:C. ¢ 


ecame colouriess Ihe chioroform solu- 
rcoal, filtered, and evaporated to dryness 
due )-2-methyl-l-phthi an- 
nalvtical mn tall 
showed 6°; thea ical sample \ ecry ised 
dichloromethane and sublimed at /0-001 1 The pure compo tal- 
lised in colourless needles, m.p. 8. 8°. (c, 0-61 in dichloromethane). (Found 
C, 67:34; H, 5-49. Calc. for C,, M752; 
{ ) Vethyi-|-phthalin hutan-3-one eth (11) 2-Methyl-l- 
phthalimidobutan-3-one (Ic, 0°92 g, was dissolved at — 2 1 mixture of 
ethanedithiol (14 cc) and ether (14 cc), and a boron triflt ide ethel 
bide as con plex (4 cc) ether (20 cc) added | 20 | Kture W ept at y for | 
oe “iy hr and then for 4 davs at room temperature After Is the ethers é was 
by d at mn t room temp tule Ihe cryst e res of (-—-)-2- 
methyl-l-phthalimidobut ct mercaptol (1-25 ‘ ) showed 
[x] Recryst i I ether and at 
(Found: ¢ 58-69: H. 5-58. Ca r C, 58-60: H, 5-5 
; (+-)-2-Met l-phitha lobutane (ill). A tion of the regoll ercaptol 
(11, O-S g) acetone (80 cc) ; heated under reflux with Raney nickel catalyst (/ ¢ 
W-l activity) with rl for r, and coolec The catalyst wa ed off and 
washed with acetor nd the combined acetone filtrates evaporated under reduced 
pressure \ pale llow oil remained (0-32 } Cn i cr two 
distillations at 60° /0-001 mm became colourless and consisted of pure (-—- )-2-me |-]- 
phthalimidobutane, with [x]}? +24° (c, 0-56 in benzene). The [2] 5° was reported 
lor the same compound iron not ¢ sure } ulano 
(Found: (¢ 2-03: H, 6°80. Calc. for C,.H,.O.N: 86: H, ) 
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Abstract 
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(11) cyclises to A'-2-phenyl-3-benzal-pyrroline 
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strong absorption 

ions and absorption 
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1 in the region corresponding 


H stretching vibratio The methiodide of (ILL) was reduced catalytically to 


ethyl-tetrahydro-base (IV) which was converted through the methiodide to 


oxide (IV) 


was subjected to the Hofmann 
eave a dihydromethine base 


lofmann degradation gave 3-benzyl-4-phenyl-but-1- 
FAVE dibenzy acelul acid (Vil) sim | irty. acet-4- 


The structure 
was proved by a sin 


-benz\ Ibutric acid. 
identified as the anil 
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The possibility that cyclisation of (Il) might yield 5:6-diphenyl-2:3-dihydro- 
pyridine (VIII) was investigated. 5:6-diphenyl-3:4-dihydro-pyrid-2-one (IX)* was 
reduced and methylated to 1-methyl-5:6-diphenylpiperidine (X) and the quaternary 
iodide of the latter when subjected to Emde and Hofmann degradations gives 4:5- 
diphenyl-pent-l-ene (XI) which on oxidation yields /:y-diphenylbutyric acid (XII) 
(m.p. 93°) identical with an authentic specimen of the acid, and a mixed m.p. with 


dibenzylacetic acid (m.p. 93°) showed a depression 


EXPERIMENTAI 


(U1). 4-Phenyl-3-butenylamine (1) obtained by catalytic 
reduction ol cinnamy!l cyanide’ Was be zoviated 21 benz-4 henvl-but-3- nyla nide 
(Il). The latter (5 g) was cyclised by reflux: 3 | vitl nzene (30 cc) and phos- 
phory! chloride (25 cc). The yellow react mixture was distilled in uo to remove 
benzene and excess phosphoryl chloride, then treated with ice and the acid solution 
neutralised with potassium carbonate. The oil which separated was extracted with 
benzene and the basic product extracted from the benzene solution wi HCl. The 
crude base (4°35 g. 93-5 °.) obtained from the acid solution in the usual way crystallised 
from hexane as colourless needles, m.p. | (Found: C, 87-0; H,6°5: N, 61; 
C,,;H,,N requires: C, 87-5; H, 6-4; 6°0",). The picrate formed yellow needles m.p. 
192-5—193-5° from ethanol (Found: C, 59-5: H ; N, 11-8; C,,H,.O,N, requires: 


C. 59-7: H. 3-9: N, 12-1°.). Infra-red: 1636 (w. C=C), 1563 cm~! (s. (¢ 


No absorption in the region of the NH stretching vibration. Ultra-violet 


(log 4-05), 254 mu (log ; 2 mu (log 
dehydrogenate (III) by heating (5 hr) with palladium carbon in ’ 
cinnamate at 190° gave a scarlet compound m.p. 205° the analysis of which indicated 
a trimer of dehydrogenated (III). (Found: C, 88-7; H, 5°85; N, 5-4; mol. wt 
694; (C,,H,,N), requires: C, 88-3; H, 5-7; N, 
|-Metyl-2-phenyl-3-benzylpyrrolidine (IV) The base (IIl) when treated with 
methanolic methyliodide gave a methiodide m.p. 169-5—170-5 (decomp). The latter 
(4-4 g) converted to the chloride was reduced in ethanol over Adam’s platinum until 


molar equivalents of hydrogen were absorbed yielding (IV, 3-01 g, 85°.) m.p. 71 


A. D. Campbell and I. D. R. Stevens, J. Chem. Soc. 959, (1956) 


‘ DPD. Barnard and L. Bakeman, J. Chem. Soc. 926 (1950) 
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(Found: C. 86°05: H, 8-1; N, 5-5: C,,H,,N requires: C, 50°0; H. 8-4: 5-6°). The 
picrate formed yellow needles m.p. 200-5-201-5° fron ethanol. (Found: C, 60-0; 
H. 4-6: N. 11-3; C.,H,,O;N, requires: C, 60-0; H, 5-0; N, 11 7°.). The methiodide 
separated in colourless needles m.p. 192° from methat ol-ether. (Found: C, 58-1; 
H. 6-0: N, 3-45; C,,H.,NI requires: C, 58-0; H. 615: N, 36°). 1-Methyl-2- 
phenyl-3-benzalpyrrolidine. When the hydrogenation of the chloride was stopped after 
uptake | molar equivalent of drogen the dihydro-compound was obtained 
This is a low-melting base characterised as its me n.p. 226° (decomp) from 
methanol. (Found: C, 58:2; H, 5:7; N, 3-3; CygH,,NI requires C, 58-3; H, 5-7; 


converted to rrespo Was olved 1 
> > 14 ‘ 
ana Ra cy CAC ( )added 
(2 hr). The me s filtered off, the base extracted with be 
rated soaciu cniorTide sori dried d the emoved 
‘a 171 .< +} | 
7 at i i _) mm to ve re pure amine in nearly qual 
cted exothermically th methy dide to fo the met! 
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3-3; rec ( 8-8: H, 6-9: N,3-4°.). The 


etniocide or tne ami 


« in acetone (14 cc) at room temp. with stirring MnO, wi 
washed with water and the washings added to the acetone 
rel ed i ICU ind the aqucous solution shaken witl 
acidified wit HCl. when dibenz lacetic acid was deposited 
and cryst lised tro n-hex ec as cok uriess crystals m p 


H, 
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sm d ( 8] 85: 
i-red (Nujol) 3220, 3110 cm™ 
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1665 cm | 


The pyridone (IX, 1-6 


hydrogenation at 50° over Adams platinum cataylst, absor 


hr. The crude product was purified from 


hydrogen 


nolic potassium hydroxid 


5:6-D (1X) \ solution 
valeronitrile (20 g) ert.-butanoi was refluxed with metha 
solution (30 ed witl tert.-butanol (400 cc) for 


rethanol-dioxane (7 


(IV) (1-1 g) 


iodide of 


aqueous sodium hydroxide 


at 20—25° with stirring 


nzene, washed with satu- 
The residue distilled 
titative vield. The amine 
1iodide which crystallised 
( H, 7:0: N, 


rate separated in yellow 


C. 60-6: H, 5:7: 


id 


e (V) was converted to the 


o yielding a fraction (b.p 


hvdre de whic biected to crack-daist llation in vacu 

160° consist of unc! ed 1 a non-basic product The letter 

(0-95 64-:8°.) was freed from the a e by treatment with HCI. The ultra-violet 

spectru 259 mu | 2-53). indicated the absence of a double bond conju- 
»y with the pheny cleus. The infra-red, observed in a cell (0-15 mm thickness) 
1641 « (s. ¢ C), 994, 910 cn (s. ¢ H out of plane deformation vibration of 

vinvl group). It is presumed that the non-basic product ts 3-benzyl-4-phe ivl-but-1- 


ene (VI). The latter (70 mg) was oxidised in acetone by addition of KMnQ, (140 mg) 


is removed by filtration, 


filtrate. The acetone was 


1 benzene, separated and 


an oil, which solidified 


C, 80-2 


‘id was identified with an 
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(Found 


1 of d6-oxo-y:d-diphenyl- 
le 


during which the pyridone 


d crystallised from ethanol as colourless 


H,6-1°.) 


O). 1638 cm™ 


lactam ¢ 


5) on 
bed a molar equivalent of 


ethanol ( 1-15 


79 


} 


as 


4 
N. 3-6 ) 
N-N- (V). The necth 
rhombic crvstals m.p. trom methanol-etnet (round: 
N. 11-4: C..H..O-N, requires: C, 60-7; H, 5-3; N, 
H. 6-4. Calc. for C,,H,.O.: C, 80-0; H, 67°,). The 
authent p n of debenzvlacetic acid 
ee 
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colourless fine needles m.p. 183-5—184-5° (Found: C, 81-0; H, 7-0; N, 5-5. C,,;H,;ON 
requires: C, 81:2; H, 68; N, 56%). The band at 1638 cm~ had disappeared. 

2:3-Diphenylpiperidine. To an ether solution of lithium aluminium hydride (0-1 g) 
the above piperidone (0°58 g) in dioxane was added and refluxed for 3 hr. Wet ether 
was added to decompose the adduct and the solvents removed in vacuo. The residue 
a mixture of unchanged piperidone and 2:3-dipheny/lpiperidone was distilled, yielding 
the pure piperidine which on recrystallisation from ethanol gives colourless prisms 
m.p. 86°5-87-°5° (Found: C, 85-9; H, 8-2; N, 6°0. C,,H,,N requires C, 86-0; H, 8-1; 
N, 5-9” On treatment with formic acid and aqueous form aldehyde the piperidine 
gave 1-methyl-5:6-diphenylpiperidine (X) which was purified by distillation b.p. 159 
160°/1-5 mm. The picrate m.p. 149-150°5° and the methiodide colourless cubes m.p. 
254° decomp. from ethanol (Found: C, 57-7; H, 6-3; N, 3-5. CygH,,NI requires: 
C, 58-0: H, 6:15: N, 3-6°.) were not identical with those of (IV). The methiodide, 
subjected to the Emde degradation with sodium amalgam (5",) under the usual 
conditions, gave N:N:4:5 diphenylpentylamine, b.p. 165°/2-2:5 mm (64%). The 
picrate formed yellow scales, m.p. 121-122", from ether-methanol (Found: C, 
60-7; H, 5-7; N, 11-5. requires: C, 60°7; H, 5-3; N, 11°3%). The 
methiodide was obtained in quantitative yield as plates m.p. 164-165" from methanol- 
ether (Found: C, 58-6; H, 69; N, 3-7. CopHogNI requires C, 58-7; H, 6°9, N, 
3-4°.). The methiodide converted to the methohydroxide (0-5 g) submitted to crack- 
distillation in vacuo, gave A'4:5-diphenylpentene (X1) b.p. 144-146" (0°16 g, 59) 
and the latter on oxidation gave /:y-diphenylbutyric acid (XII), as colourless cubes 
from hexane m.p. 93° (Found: C, 79-6; H, 6°7. Calc. for C,,H,,O,: C, 80-0; H, 


6°7°,). Mixed with dibenzylacetic acid (VII) m.p. 93°, the mixture melted over a 


range 70 (XII) was found to be identical with a specimen synthesised by conden- 
sation of desoxybenzoin with ethyl cyanacetate according to Cope.° 1e synthetic 
acid crystallised as colourless prisms m.p. 94-95-5" (Found: C, 9-7: H, 6°8. Calc 


for C,,H,,02; C, 80°0; H, 67%). Mixed with (XII) there was no depression. Infra- 


red spectra of the two acids were also identical over the whole range 
{cet-4-phenyl-but-3-enylamid Acetylation of 4-penyl-but-3-enylamine (2-42 g) 
with acetic anhydride (5 cc) on a steam-bath gave the acetyl compound in good yield 
which crystallised from n-hexane in colourless plates m.p. 73-74" (I ound: C, 76:1; 
H, 8-1; N, 7-5; Calc. for C,,H,,ON: C, 76°15; H, 8-0; N, 7-4°,). Treatment of the 
acetyl compound with phosphoryl chloride in boiling benzene gave A'-2-methyl-3- 
henzalpyrroline (90°) which crystallised from n-hexane in prisms m.j 
The picrate formed yellow needles m.p. 224° (decomp.) from ethanol. (Found: C, 
54-1; H, 44; N, 14-3; C,,H,gO,N, requires: C, 54-0; H, 4-0; N, 140%). The 
methiodide formed colourless needles m.p. 266°5° (decomp.) from methanol-ether 
(Found: C, 49-7; H, 5:3; N, 48; C,,H,,NI requires: C, 49-9; H, 5-15; N, 45%.) 
Reduction of the methiodide with Adams platinum catalyst absorbed 2 molar equiva- 
lents of hydrogen and gave 1|:2-dimethy! :ylpyrrolidine b.p. 109-112°/2-5-3 mn 
the methiodide of which crystallised from methanol-ether in needles m.p. 212 
(decomp.) (Found: C, 50°6; H, 6-9; N, 4-0; C,,H, NI requires: C, 50-8; H, 
N, 4:2°.). The methiodide (1-07 g) on treatment with Raney nickel (in tl 
of alkali) gave N:N dimethyl 3-benzylpentylamine, (the methiodide of whi 


colourless plates from methanol-ether m.p. 115°5-116-5° (I ound: C, 51 


iL. Phalnikar and S. K. Nargund, J. Univ. Bombay, 3, 1849 (1939); Chem. Abstr. 34, 281 
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N, 40. C,,H.,.NI requires: C, 51-9; H, 7:55; N, 40%). On exhaustive 
nethviation (Hofmann) the methiodide (0-42 g) 
(0-08 g. 41°). The latter (60 mg) oxidised by in acetone gave «-benzyl- 


COLOUTICSS needles irom 


butyric acid (40 mg) whi was converted to 1 
hexane m.p. 90° (Found alc. for C,-H,,ON: C, 


H. 7-6: N. 5: Wi lentical v 1 authent: ‘ccimen prepared from 


a-benzylbutyric 


an 
2 ae. 
acid, obtained from benzylethylmalonic acid. 
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Tetrahedron, 1959, Vol. 5, pp. 53-69. Printed in Northern Ireland 
a (Received 31 August 1958) 
Abstract—Benznorcat nycarbonyl a from napht ene and methy! izoacetate by known o1 
; C,,H,;NO, (1). It is clear, from the fact that carbon dioxide is not ved in the hydroxide-catalyzed 
ck be cohol and C,.H,,NO, (1D, 1 t ethane, but a product of unexpected 
st e 2-ber 3.2.2] nona-6:8 ne-4-one 1) t2). To our 
10 tropyilu ) tne parent OI the seven- embered aromatic 
series, cred in 1954.) Subsequently, it was synthesized by Dewar and Pettit” 
from “ethyl norcaradiene carboxylate’ by way of the carbonyl azide and Curtius 
se rearrangement to tropylium isocyanate. Benztropylium ion immediately became one 
i of the next members of the series towards whic ynthetic efforts re directed 
‘a Dewar and Pettitt at Queen Mary College and Doering and Ho at Yale 
ae independently undertook the synthesis by way of the Curtius rearrangement ol 
gi benznorcarad bony! azide (4 irt 1. C). Both efforts failed and were abandoned 
AG on the announce nt of a succes by t rroup at the E.T.H. in Ziiricl 
eee Ihe failure of the Doering—Hofl nn effort (Chart | emed the more unreason- 
able since the crucial step had apparent l ceeded unevent Naph ilene had 
y 
* Tal { j M. J. Gi te Schoo 
' | cd 1 part Dy 
the Office of Ord Co DA ORD ve 
W. von E. Dx L. H. Knox, J. Am. ¢ \ 79, 352 (195 
; M. J. S. Dewar and R. P Ci &/ 199 (1955): J. ¢ § 2021. 2026 (1956) 
E.D A. K. Hof to re pul 
‘H. HR FE. H r and A. Eschenmoser, Chem. & Ind. 415 (1955); H. H. Rennhard, G 
Di Modica. W. Simon, E. Heilbronner and A. Eschenmoser, H Chim. Acta 40, 957 (1957) 
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and Hediger’ to give 


reacting with hydra- 
had expected to 
ula, C,,H,.NO, 

iu 


but the 


aS 
* 
heen treated with methyl diazoacetate according to Buchner 
met ynorcarad e carboxylate. By the usual sequence 
obtain the (la).a deed, a crysta produc 
(| had ited t dimicult Ihe reduction 
irid id b 1 by quaternizat methyl iodide, HL: 
tf fer iricty of conditions to ionize with valence 
ca de (¢ B ed tha l ester (Cha 
1, A) by terconve Chart 1. Benznorcaradiene carbony 
les? | d Hediger® had 
d cid, C,,H,,O ci 
‘ 
late A: | lent d ir to that of 
| :2-dihyd it! that carad its d tives have a 
di that Buch ind Hediger very 
i i 
R WwW. 125, 1814 
WwW iA ( 77. 494 E. D 
\ : A Sept. 16-21, 19 » 41 


wit! 
in(lja 
compa 


In dioxane solution 


by contrast dihydro-! has his region 


Consideration of the me istically plausible paths of further reaction that 


oO W ind Sons, Inc., New York (1946) 


An unusual rearrangement of an acy! azide 
probably assig ed the structure Ca WOAVIIC ACIG correctly It 
, | she nat ha tr ty | the 
G i us! e in | ( nave the st e (ia) and that the 
: 
} y of nc rh na ti url ng ent Severa 
properties of (1 e, howeve! te discord with the structural hypothesis 
me (la) that on dt ct ari ment 
l (i. | it of a 2- 
C.H.O li), ¢ H il) of twelve 
. 
gt 
the fort tion (la ( t that (11 cal d of unusual 
nvwl 
W the re f (li the correct structure, it was clear that the Curtius 
rearrang ent had taken al nexpected t the | t of whk is irresistible 
As LA crimental | ed Lis. my ¢ agent t tne crucial 
substa nu tructi provk Wi til hydroly product and it 
was n iy to OStance that our a as 
hy in intense D gatoys 1672 the inirared spectrum (expel mental 
section) the presence of a carbonyl group 1m (Il n be inferred. ( lytic reductio1 
abdsorpt oO1ty aton ol arog Cates the pres ao le bond 
d(1l). Anv question that the unsaturation be of some other type is removed by 
the n.m.r. spectrum ol (1) and its equall accessibie Gdinvdro derivative 
I 
> 
es (1) shows a peak at 38 c.p.s. which ts due to olefinic hydrogen; 
* P. A. S. Smith, Organic Reactions Vol. Ul, p. 33 
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(Chart 5), coupled with analysis of the 


er data above le I 


the ot! d a structural 


involves a two-step 


icid in acetor 

strong 

The oxidation product can 
C,.H,,NO,., in further 
Absorption bands of 


(1684 cm~') 


ivdronaphtha- 


bond and 


lonen tha far 
(1) depends i atio alizing ine facile 
hvdrolvsis of (1 ‘ te ; | 
Che absen 


to (Il) and the equa 
(IL) by heati ence « 


ross structural change in the 


icile regeneration of (1) from 


he infrared and ultraviolet 
n olefinic double b< nd. The 


indepe ndent of the presence of the 
hydrolyzed to benzyl alcohol under conditions 


spectra of (1) 


he presence 


replacement of the | zyloxy group Is 


double bond, 
no more drastic 1 


those required to hydrolyze (1). The interconversions therefore 


inn. 463, 1 (1928) and N. D. Scott, J. Am. Chem. 


= 
W. von E. Dor ING 
facile hydrolysis of (1) to (11) (Chart 3) and 
oe hypothesis for (Il). The most direct proof of this structure one 
transi tion and an inde per dent synthesis 
Oxidation of (Il) (C,.H,, NO.) proceeds smoot wit 
solution Wil Loss Of two hydrogen atoms to H,NO 
indicative of he presence oft } at oun ) 
hyaroge tea cal tically to a dihydro derivat A 
ot the pres ol rroup in the se 
(TIT) frared (Expe ental Section) at 5-86 (1706) and 5-94 
ae indicate the presence of two cal Ds 
et. The inde dent synthesis of (II1) is effected from the known |:4-di}E ha- 
lene-1:4 oxvlic id! (Chart 4). Hvydrog nm of the double 
bese dride (( i In a single step the anhydride is opened with ammonia ee, 
p to tl mid and then closed to 1:2:3:4-tetrahydro-1:4-naph- 
fica d (¢ hea r to he ynthesis mvolves 
re at such a transp the struct ened to the end product 
itl ore eiaod C Lic naterial | dentical 
ed spec n to (IIL) obtained fro 11) by chromic acid oxidation 
ind cat dy ta ? Hvdroxyv-¢ hye 2 2] i-6'X-dien- 
4-one as t of (Il) (Chart 2, Il), once attention is called to the 
foc ta absence ol Idehydic carbonyl group in the infrared spectrum and | structural Sey: 
: 
> 
4 
W. Schlenk and E. Boron, 
Soc. 60, 951 (1938) 


appear to be sim lisplacements 
nitrogen atom may be mentioned with 
the an 


remove vdrogen to form 


an intermediate an 


essentially 


facilitates a first-order 

(Chart 3, B) which t! 

Facile displacements 

iminoketones of 

been adequate! 

this type in fact furnis i tautomer 
Compound (1) and presumably (11) 

an isomer of (11), 

of the ultraviolet spe 

correspondence 

likewise shows 

absorptior 

type (gene! 

(1616 cm~') 

compound (IV) 


(IV) w 


thalene-1:4-dicarbo» 


pern 


converted to an O 
The structural hypotl 
mechanistic grounds and 


naphthalene-1:4-dicarboxy! 


half methyl ester was prep 
i 


converted to the acid chl 


hydroxymethyl compou 
to carboxamide by heat 
carboxamide 
rearrangement of (1). 


lanistic 


that (1) is first hydroly 


P ( Joc 

4. Hantzs 

M I Marples, . 

7, 361 (1938) 
4 E. Tagman, E. Surz 
J. Bellamy, The /nf 


NO.(1V)on n 


185 (1954) 


45, 
I 


189 


adjacent 


iSIC cataly st 


by way of 


ich are 


atom 


nonto 

ition 
close 
ctrum 
in ide 
of the amide (II) 
orption at 6°19 u 


Consequently 
d naph- 


(lV) can b 


Imption 


Metl ucen, London (1954). 


a a An unusual rearrangement of an acyl azide 5 
: 
Plausible mechanisms involving the 
ut laboring the details. In one, a bq 
n iminoketone (Chart 3, A perhaps 
mide aniot ide the dienlacine hace lev ction 
te ie |. P| imide anion) which then adds the displaci base steps wh 
ot everse of the forward one In an other, the adjacent nitrogen = 
rhar | talwe; if noninm 
r Wit Cid-Cal ys il ium ion 
4 1 - ot 
the ) rsal of the first step. 
e recordes tl terature Although 
nt dial eb iumed no Case has 
imp! | hy oht hay | 1 i system of 
re di c treat ent with al 
5 ee similarity to those of (1) and 
| ituted alene Th 
a changes. Whereas (1) an 
(1) band and no absorptio 
s), shows amide abs 
I) type at 5-95 uw (1681 cm~*).! 
ains a primary amide grouping 
affords benzene-1:2:3:4-tetracarboxylic aci 
acid depending on the conditions. Finally 
indicative of the presence of an hydroxy! suum 
s indicated for (1V) in Chart 4 was constructed largely on 
was proved by independent synthesis. Starting with 
I I 
Eee oride (Chart 4, A). Reduction of the acid chloride to the 
(Chart 4, B) and conversion of the carbomet! yY grouping 
lig Win ammonia ted to I-nydroxvmetl nt ilene-4- 
1 all respects to (IV), the product of hydrolysis and 
A y | tian f for 1\ ,in he a 
Of the tormat ol invol ihe ass 
(11), as it is on milder treatment with alkali (refer to 
ye * We are most grateful to D F. Gonzalez-S Inst to Comb 7 Spain. for 
1A fy 1A. Willem B } 194 
Owe Cher ‘ $437 (195 
G 27, 1248 (1894); F. Feist, A. W. Titherley and 
i ‘jd : n. S 93, 1933 (1908); K. C. P lya and Sod Proc. Indian Acad. Sci 
1K. Hoffmann, Chim. Acta 37, 
ared Spectra of Complex Molecules pp. 175- 


Chart 2), and that yi juilibrium wit nen tautomer. the aldehyde amide 
(Chart 4, C) yototropic rearrang hap assin§ \ the related 


enol (C hart 


to a lirst approxima- 


yn of (1) is based on 


to the isocyanate 


assumption 
(Chart 1, C) 
infrared at 
opropane 
and Schmidt 


(3':4'-din ethoxyphenyl) cyclopropane 


nate can be 
proposed indepe det bond to 
the $-carbo! stribution of the pair 


). In the one portion the 


of elect 
unbonde rbital o the isocyanate gt ing and is itself in resonance with the 
form ite bears the unbonded orbital. This 
not possible to guess either in theory 

ons, pre sumably prevails no matter 


portion, the unbonded orbital ts 
ution reactions of naphthalene In principle 


atom of the isocyanate grouping and 


ocvanate be trans hart 5, indeed it appears from the isolation 
by Buchner and Hediger® of trans-cyclopropane tricarboxylic acid and the established 
stereoche 


group Is required to rebond at either the 2- or 4-position and the non-bonded system 


mistry of the Curtius rearrangement, extensive rotation of the isocyanate 


4-40-4-45 is reported tor inate group ng.** 
. Hoyer, ¢ 
499, 1 (1932 


and G. T. Fitchett, /bid. 74, 
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4. 1). icads to (L\ Straignu Way ine rearral | an 
< 

mternal oxidation-reauc 0 eac ( \\ USC Ui 
_ tion, from the re nce energ {f the new be e ring 
the assumption t nent ol ea ce prov eas norm 
a (Chart 5, A), which then undergoes the unusual trat a 
is supported fact that the product of rearra! 
in benzene, in the abdsenc be | alcohol, s 
4-43 (2259 ¢ Ihe assumption 1s consist¢ 
4 
CATDOAVIIC ACIG OTs ( ‘ 
pne Vic} propropane Carpool and 
hey 
how the pair of electrons ts distribu 
invoivea much as IS il 
Sra 1° A Bureer and W. L. Jost, J. Am. Chem. Soc. 70, 2198 (1948); A. Burger Ey : 
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must be considered to be an intermediate in which the two portions function relatively 
independently of each other. If contrary to the literature the isocyanate be ci: (Chart 


5, A.,,), rearrangement may occur with a remarkably small readjustment of bond 


angles and distance through a transitio ate in whi he nev nay be formed 
simultaneou ly wi ] rcakins the old a 11 li WO rtions need never 
be free (Chart 5, 

Overlap simultaneously between C, at x 1 between C, and 
carbonyl C of O (even though unequal in contribution) in the product- 
determin g transition state may accoul rwheiming predominance of 


bonding at C, (¢ n this analysis the 1 angement would be encouraged 


il L 


more by a cis-configuration of the starting isocyana han by the trans indicated in the 


literature. The question of stere« che 


In completing a hypothetical mec 


reasonable reaction of the imino ketone (¢ 


Mechanisms for this reaction have already been c e and are outlined in 


Chart 3 


EXPERIMENTAI 
Methyl 1-Benznorcaradienecarbox} 
and Methyl Diazoacetate 
Following the procedure for the reaction of 1 aphthalene and ethyl diazoacetate,” 
2800 g (22-5 moles) naphthalene was heated to 150° in a 5-l., three-necked flask fitted 
with therm, stirrer, water-cooled addition funnel, and two Vigreux columns In series. 


Over an 8 hr period, 450 @ (4-50 moles) methyl! diazoacetate was added dropwise 


during stirring. After being heated an additional 2 hr, the crude product was distilled 


benzene 


R. B. Woodward and tz. Tetrahed 5, 70 (1959) 


ae 
mae 
4 
« 
REE anism for the formation of (I), the entirely 
hart 5, C) with benzyl alcohol must occur. 
* We wish to thank P R. B. Woodward, Harvard t sity, for emphasising the importance of 
Analyses were performed Sc kopf Mict cal Laborato $6-19 37th Ave Wood 77 : 
sodium chloride optics and were ¢ yrated a the > im of atmospheric iter Lilt t spectra 
3 were taken on a Cary Model 11S reco onettenniacimaneies 
“a The n.m.r. spectra were determined Varian A ites Model 4300 V High Resolution spectro- 
meter with super-stabilizer and spinning sample Peak positions are reportec n cp it 40 mc relative to 
| 
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through a 2 30-cm Vigreux column collecting the t fraction, largely naphthalene, 
130-140°/45 mi an externall hree-necked flask to prevent clogging. 


The second fraction, 203 g (: I vas collected in a water-cooled 


Most 
pleted 
ne \ 


added 


Was 


acid the oily acid had 


Ihe yield was 49 


become 


of theory based n im hydrochloride I 


concenser and receiving NasK 
Purified 1 terial Was oDtained Dy redistiilatio! roughav S0-cm, glass-spiral 
column; b.p. 109°/0-6 mm 1-S882 Ihe ultra let spectrum (acetonitrile), 
snow in Fig. 1. hac 222. £220. 23 271. and 304 mu (log 4-4 4°52. 4-40, 
q 
on hydrazine hydrate 0 ethano ¢ 46 hr. The product, obtained by “ao 
211-0 (Fe ( H.6 ( H,.N.O requires 0: H.6-0: 
N, 14+ A (0 sodiu einther num amount of 
hy le cid « 00 ch e and ter. The 
ind I el cided of compound (1), n p 
ISO-—184 n fro e (f H, N, 50 
C,.H,;NO, requires C, 78-3: H, 6-0: N, 48 
carad ‘ KOH O00 40". aqueous ethanol. 
MA ‘ 4 . \ Vas hitered he 
uc | Ui ‘ 4 H¢ gui y FOTOUS 
Phe « yn wa 0-ml portions water, dried over 
al late, and concentrated to & (838° of crude l-benznor- 
carad iit 7Auol iro ethanol 
(renort “44 Al 
f+} 
the CXCess ene as dist ed from the co 
a reaction of ni f crud ethyl diazoacetate and 10 es of naphthal 
ie solu of tl KOH 1500 ml of 50°. aqueous methanol was Hl 
to the residuc iV S at retiux he cooled reachion mixture 
e oe was poured into I |. \ ter and I ltered to remove I iphthalene The clear filtr ilc 
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(b) 1-Benznorcaradienecarbonyl chloride. A solution of 50 g (0-269 mole) 1-benz- 
norcaradienecarboxylic acid and 51-2g (0-429 mole) thionyl chloride (purified 


according to Vogel 2") in 3 l. of anhydrous benzene was refluxed 16 hr. Freed of 


solvent and excess thionyl chloride in vacuo, the product was distilled at 98—100°/0-05 


mm as a yellow oil, crystallizing in the receiver; 46 5 @(85°). Recrystallization from 


pentane at 5 afforded colorless crystals, m.p. 70-0—-70-5° (Found: C, 70-4; H, 4-6: 
Cl, 17-1 C,.H,ClO requires C, 70-4; H, 4:4; Cl, 17°3%) 


After having been refluxed for 12 hr. a solution of 15-0 g (0-0732 mole) of the acid 


5 ml methanol was concentrated and fractionally d 


chloride in 2 istilled through a 


i*S 30-cm glass-helix packed column yielding methyl 1-benznorcaradienecar- 


boxylate: mj; 1-5892; and having an infrared spectrum superimposable on that of 
a sample 

io a 

120 ml acetone 

as added during 

filtered and 


nto 750 ml 


(1) is insoluble in ether, benzene, hexane 1 carbon tetrac 


h] le 
ioride, 


ethyl acetate. methylene chloride, dioxane, and dimethyl formamide, 

soluble in chloroform, acetonitrile and acetone. The crude product may be recrystal- 

lized from acetonitrile or acetone. Six recrystallizations from acetone furnished 
A. 1. Vogel, A Text f Pra Organic Ch ry | ongmans, Green and Co., New York 


(1951 


| 
Ne washed with 75 ml benzene. The filtrate and benzene liquid were poured 1a 
pees - benzene and extracted wit 250 mi saturated aqueous sodiun icarbonate, three 
Z>0-mi portions wale! and 250 i Saturated aqueous soaiu chloride [he benzene 
ae cd ; solution was dried over al drous sodium sulfate at 5° prior to decomposition 
yi ty lo 750 ml of this solution, theoretically containing 0-152 mole of azide, 25-7 ml 
mole) ol sniy a ied be LIC ol was added Reflux for 24 hr 
ee ae afforded 84°. of the theoretical amount of nitroge Removal of the solvent and most 
of the benzyl alcohol wo a yellow ou which crystallized upon trituration 
wit ther a {69 ) n oil i vanorat n of the ether washings 
. contained one of the product, as dete ed \ irared spectru 1 and was not 
further investigated 
cm 3000 2000 i500 100c 800 
2 | 4 
J 
j . 
© 2 
. 4 ~ 
Fic. 2 
| soluble in 
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colorless crystals m 7 (Found 78 H, 5 7 N, 4:8 C,,H,,NO, 
requires C, 78 H. 6 ) A mixture with the sample, m.p. 180-184", 


absence benzyl alcohol, the 
ng slowly at room temp The 
closed typical isocyanate 


re led to decon position and 


d is insoluble 


moles) 
d cooled 

oil 
imonium 


200-8 


ke (18-4 


ing ground 


A total of 495 ml 


4 
2, 
= 
ose When the decomposition was carried out in tl io. 3 
benzene solution yielded oily crystals, decompo 
a 
eee infrared spectrum of this material, taken in chiorol es 
disappearance of 1 se Dands 
ow 
(Poe (1) is unsaturated to permanganate, gives a negative Tollens test, an oe 
Bis in neutral, acidic, or alkaline water. The ultra let spectrul tonitrile, shown in , 
NH and carbonyl ab nt uw 29 +14. and 6-00 chloroform, 2°95 
an pota bromide, and 2°35, 3-08, and 5°98 in dioxane 
Lithium nya ie redu n of (1) 
irom Dut magne nbd a was added to a stirred irry of 155 meg (4-14 mmoles) 
lithium a drid 0 mi of the same sol a nitro atmosphere 
After be tne reac was i | Coord ce. d luted 
with « waterin 101 tctra agroturan and cent T he il t was 
decanted into wate ex dv The roform extracts were 
washed with wate d extracted with 3 M H¢ I cid extracts were neutralized | 
ana 4 | al 4 | was drica over 
anhydr pot cart te and evaporated i to a residue which vielded on oes 
4 
| N rea was prepares ) H iro the amine and 
pnenyi its ind ecrvsi iro cl und ( + 
H, 5-¢ N, 89: § rS. requires H, 59: 105%) 
The N, N-dimeti was prepared (Hoffman: by treating 
1 g (5°36 mmoles 1 the adove th (7-25 pota m carbonate and 
le (7-4 moles) methyl :odide in 7 mi chlorofor After t exothe c reaction 
had subsided, the lution was kept for 24 hr. W * the crude product wit 
chiorol m.p. wil acc (Found ( H. | N. 4-0 
C,,H,.IN requires C, 52-¢ H, 5-5: I, 38-8: N, 
i4 
A slurry of 130 mg (0-41 mmole) of the amn tand 100 mg (2 
ape sodiul droxide 800 mg ethviene givcol was refluxed for | min ; 
Extraction vil pent a concentral n ort icil 70 meg 
which was treated wit thyl 1odide as above to give 100 > ol quaternary a 
sa 201-202" with dec: mixed m.p. with starting aterial of m.p. 200-2—-H 
We 
Benznorcaradiene 
(a) The reaction of naphthalene h diazomethane* A solution of 
i CUUID DOCU Nil von. sirrers 
* 4404-45 reported for nate grouping.** a, 
pee 
; 
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(3-54 moles) 40°,, aqueous KOH was added to both flasks which were then cooled to 
5° by ice and salt. Over the course of 2-5 hr, 291 g (2-82 moles) N-nitroso-N- 


methylurea®* was added in small portions, maintau 


The contents of the flasks were allowed to warm to 15° and 


ng the temperature below 0 

during vigorous stirring 

the organic layers were decanted onto K¢ YH pellets and le cooled in 
then tr: 1 to tw 

Irradiation, 

type RS sunla 


Ik to 


gen evolution 


900 
temp 


4 
of colori Crys 


} 


Dehromination o orcarad ) he | freshly 


distilled from n-buty! were 
placed 1 500-m! t! | iddition 
funnel, sti an ux condenser p! { om atmospher oistul A few ml 


of a solution of 16-9 g (0-0562 mole) recrystallized dibromide tn 150 ml ether, freshly 


distilled as above. were added during vigorou irring 


Heat was carefully applied to 
initiate the exothermic reaction and then The dibron 

added at such a rate that the ether was manta at gentle reflux 

the solution was stirred for an additional 12 hr, and filtered to remove ut 

The filtrate was washed with 50 ml 3M HCl, three -ml portions water, 50 ml 
saturated aqueous sodium chloride. and dried over anhydrous sodium sulfate 
Evaporation of solvent, followed by distillation through a 0-5 50-cm, glass-spiral 


C. R. Noller and S. Lieberman, Organic Synthese |. Vol. I, p. 461. John Wiley and Sons, Inc., New 
York 


63 
ceased. This required 36 hr depending on the age of the bulbs 
Atte! pis to parate bet 7nore giene fro! I pnthaiene by careful fractional 
distillation were frustrated by the solidification of naphthalene. Benzene was distilled 
from the combined solutions through a 2 95-cm Stedman colu intil the volume 4 
of material in the pot had be halved. Naphthalene crystallized on cooling and was 
filtered and washed with pentane The combined was ind filtrate were reconcen- 
eee ts trated. This process of concentration, cooling, | of the naphthalene, and 
4 + reconcentration of the filtrate was repeated four or five times until no more naph- 
ees thalene would precipitate from the concentrate al ) 
a ee The final, dark, oily concentrate was Stea -distilled to give a condensate of 
ac naphthalene cryst ils and liquid benznorcaradiene from which the naphthalene was 
(a removed by filtering. A pentane extract of the filtrate was dried over anhydrous 
ae ous sodium sulfate and con ited to crude benznorcaradiene 
(hb) Benznorcar: lo a solution of 35 of crude benznorcaradiene 
fe in 300 ml carbon tetrachloride, cooled to —25°, 40 g bromine in 300 ml of the same 
oo e solvent was added over a | r period, maintaining a reactior temperature ol i> to j 
eee 20° during stirring. Evaporation of the solvent and excess bromine at room temp, 
‘ 
. 1» racuo. afforded a viscous oil which was extract d with exane in several 
portions Qn concentrating the washings to 120 ml at re ind cooling to 0°" 
the dibromide crystallized. The first two crops HEN als weighed |/-2/ g 
(1-7 based on nitros thylurea several experiments, the yield varied from 
1-5~2-5°.): 85°8-86°8 with dec terial ¢ be kept indefinitely at 78 
but decomposes sk | at room temp making it impossibdie to obtain satistactory ; 
4! H, 3-8: Br, 42-1. C,,H, Br, requires C, 43 H, 3-3 
Br, 52°9°,) 
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column afforded 6:1 (75 } of -norcara Lig collected at 96 97° /6°5 mm \ 
center cut, b.p. 96°5°/6-5 mm, had nj, 1-6056 (Found: C, 93-1; H, 7-4: C-methyl 
“very small, could be 0". C,, Hy» requires C, 92-9; H, 7-1; C-methyl, 0°,) 


Benznorcaradiene exhibits 7 at 222, 274, and 306 mu (log « 4-19, 3-82, and 3-02. 


5 
and 3-02, respectively) in 95 


.-(0-¢ arboxyphe icid 


The oxidative procedure employed is based o iat of Lemieux and von Rudloff 
A solution of 50 mg (0-352 mmole) benznorcaradiene in 20 ml dioxane. distilled from 


pel nanganate and dried ove! poOLaASS nvai de. was diluted to 70 ml with Wate! 


and treated with 35 mg (0-25 mmole) potassium carbonate. 634 mg (2-76 mmoles) 


potassium metaperiodate ind 7-S mg (0-047 mmole) potassiur perma inate 
Within 4 hr at room temp with magnetic stirring, the perm: ite had been reduced 
anda few more crystals were added Atte n addit il 24 hr. the inganese dioxide 
was filtered. The clear filtrate was acidified with 2 ml of 3 M HCI and extracted 
continuously with ether. Drying of the extract over ihnydrous sodium sulfate and 
and evaporation of the solvent gave material which w sublimed at 120° /0-003 mm 
yielding 20-7 mg (29°) of colorless crystals, m.p. 192—200°. Material recovered from 
the titration was sublimed at 120°/0-005 mm and recrystallized (Found: C. 63-9: 
H, 4-8; neut. equiv. 106°9. C,,H,O, requires C, 64-1; H, 4-9 neut. equiv. 103-1) 


2-Hydroxy-6:7-benzo-3-azabicyclo [3.2.2] nona-6:8-dien-4-one (11) 


Iwo grams (6°88 mmoles) of (1) were added to a solution of 1-6 g (28-6 mmoles) 


potassium hydroxide in 25 ml ethanol and the slurry was stirred magnetically for 12 hr 


in a nitrogen atmosphere. Unreacted (1) was recovered by filtering: 870 mg (40°,). The 


recovery of starting material and vield of product was sensitive to the presence of 


impurities in the former and to the presence of air, both factors tending to decrease 


both the recovery and the yield but resulting in an increase in the percent conversion 


Ihe ethanolic filtrate was poured into 75 ml saturated aqueous sodium chloride 


and continuously extracted with ether Removal of the ethet and ts dissolved ethyl 


and benzyl alcohols, finally in vacuo, furnished a viscous resid 


ue which was extracted 


with 25 ml boiling toluene. Concentration of the toluene solution yielded 701-1 mg 


(90"., based on unrecovered 1) of (Il) which was recrystallized from toluene: m p 
183-191-S° with dec. (Found: C, 71-9: H, 5-5: N, 7-0 ¢ NO, requires ¢ 
71-6; H, 5-5; N, 7-0°,): ultraviolet spectrum in acetonitrile: 7 262 and 271 mu 
(log € 2-28 and 2-16, respectively); infrared spectrum in potassium bromide: 3-14, 


3°27. and mM dioxal 2 3-04. and YS 


(Il) could not be converted to an acetate or x-naphthyl urethane: it did give 


positive permanganate and Tollens tests 
Reconversion of (11) to (1). A solution of 100 mg of (11) and 10 ml freshly distilled 


benzyl alcohol in 40 ml anhydrous benzene was refluxed in a Dean-—Stark water- 


separation apparatus in a nitrogen atmosphere. After 12 hr, benzene and excess 


benzyl alcohol were removed in vacuo leaving an oil which was triturated with ether 


(86°5 mg: 60°.). One recrystallization from acetone gave (1). m p. 178-187° alone 
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and 175-5-181-5° in admixture with a sample of (1), m.p. 180-184°. Infrared spectra of 
the two samples were superimposable. 


3000 2000 1500 


| 


| 


Hydrogenation of (11). Catalytic hydrogenation at atmospheric pressure of 201 mg 
of (II) in 35 ml ethyl acetate with 90 mg 5°, palladium-on-charcoal, proceeded with 
the rapid uptake of 1-01 equivalents of hydrogen. Filtration and concentration 
afforded 199 mg of colorless crystals which could be recrystallized (but ineffectively 
purified) from cyclohexane; m.p. 129-0—-133-0° (Found: C, 71-9; 71-8; H, 7-0; 
7-1; N,6°7; 6°5. requires C, 70-9; H, N, 6°9%). 


Hydrogenation of ;8-dien-4-one (1)° 


A solution of 900 mg of (1) in 70 ml ethyl acetate was hydrogenated at atmospheric 
pressure using 450 mg 5°, palladium-on-charcoal as catalyst. Within 16 min, 0-94 
equivalents hydrogen were consumed. Removal of the catalyst and evaporation of 
the solvent left a colorless oil. Trituration with pentane furnished 704°5 mg (78%) 
of colorless crystals of 2-benzyloxy-6:7-benzo-3-azabicyclo [3.3.2] nona-6-en-4-one. 
This material no longer decolorized permanganate and was soluble in carbon tetra- 
chloride and benzene but not in hexane. Recrystallization from cyc/ohexane gave 
material; m.p. 145-146°5° (Found: C, 78-0; H, 6°8; N, 4-6. requires 
C, 77°8; H, N, 48%). 

Ultraviolet spectrum in acetonitrile /,,,, 247, 251, 253, and 259 mu: (log € 2°67, 
2-65, 2°65, and 2°45, respectively); the infrared spectrum showed NH and carbonyl 
absorption at 2-97, 3-14, and 6-00 uw in chloroform and 2°93, 3-08, and 5-99 mw in 
dioxane. 

When the hydrogenation was repeated in acetic acid as solvent, 2-1 equivalents of 
hydrogen was absorbed, the first half far more rapidly than the second. However, 
only amorphous material could be isolated. The hydrolysis of dihydro-I was attempted 
both at reflux and at room temp using a solution of 300 mg and 252 mg KOH in 
3-6 ml ethanol. All efforts to isolate a crystalline product failed. In one experiment, 
performed at reflux, benzyl alcohol could be detected as one of the components of the 
crude reaction product by infrared spectroscopy. 
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Chromic acid oxidation of (11): 1:4-dihydro-| :4-naphthalenedicarbox imide 


The procedure employed is a modification of that used by Henbest, et al.** Toa 
solution of 1-0 g of (II) in 200 ml acetone, | ml 2:67 M chromic acid was added 
dropwise during magnetic stirring The oxidant was prepared by dissolving 6°67 g 
chromium trioxide in the minimal amount of water, adding 5-3 ml conc H,SO, and 
diluting the solution to 25 ml with water. After 5 min stirring, excess chromic acid 
was destroyed by a few ml of a saturated solution of sulfur dioxide in acetone. The 
reduced solution, containing a colloidal dispersion of chromic salts, was filtered from 
the precipitated salts, treated with an equal volume of ethyl acetate, extracted with 
three 50-ml portions saturated aqueous potassiun carbonate and 25 ml saturated 
aqueous sodium chloride, dried over anhydrous magnesium sulfate and concentrated 
to yield 701 mg (71 °,) of crude imide. cis-! 4-Dihydro-naphthalenedicarboximide was 
insoluble in benzene and could be recrystallized from toluene; m.p. 240-0—240°5° (in a 
sealed capillary; otherwise sublimati bout 200°) (Found: C, 72-5: H, 4:7; 


N, 7-3. C,.H,NO, requires ¢ 72-6: H, 4-6; N, 7-0°,); infrared spectrum disclosed 


he fins 


significant peaks at 3-1 3, 5-85, and 5-93 uw in potassium bromide and 3-22 and 5°84 u 


in dioxane 


(111) 


Catalytic hvdrogenation of 701 mg of the unsaturated imide above in 95 ml 
ethyl acetate at atmospheric pressure using 500mg 5 palladium-on-charcoal, 
proceeded with the consumption of 0-908 molar equivalents of hydrogen. The addition 
of filter-aid was Ik llowed vy filtration and Cvapol ition of lvent Recrvstallization 
from benzene furnished crystals, m.p. 206°5-207-0° in a sealed cap llary (Found: C, 
71-9: H, 5:7; N, 7-0. C,.H,,NO, requires ¢ 71-6: H. 5:5: N, 70°): infrared 
spectrum In potassium bromide: 3-16, 5-86, and 5-94 u 


Synthesis of authentic 


(a) 1:2:3:4-Tetrahydro-| 4-naphthalenedicarboxylic anhydride. A solution of 10g 
|:4-dihydro-1:4-naphthalenedicarboxylic acid,’ m.p. 200-210", in 300 ml acetic acid 


24 P. Bladen. J. M. Fabian, H. B. Nenbest, H. P. Koch and G. W. Wood, J. Chem. Soc. 2407 (1951) 
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was hydrogenated at 40 p.s.i. using 50 mg platinum oxide as catalyst. Filtration of the 
catalyst, followed by evaporation of the solvent in vacuo, afforded 8-60 g 1:2:3:4- 
tetrahydro-1:4-naphthalenedicarboxylic acid, of which the ultraviolet spectrum in 
acetonitrile (A,,,, 263 my, log « 2-71) was quite similar to that of starting material: 
(Amax 262 my, log € 2°02). 

A solution of 2-0 g of this diacid in 6-0 ml acetic anhydride was heated for | hr at 
100° and concentrated in vacuo at room temp to a viscous oil. Sublimation at 
130°/0-05 mm afforded 1-18 g (65°) of the anhydride as colorless crystals exhibiting 
characteristic infrared absorption at 5-60 and 5-70 uw in potassium bromide; m.p. 
107-5-112°, solidifying and remelting at 154-5-162°5 (Found: C, 71-5; H, 5:1. 
C,2H,O, requires C, 71-3; H, 50%). 

(b) 1:2:3:4-Tetrahydro-1:4-naphthalenedicarboximide. Five hundred milligrams of 
the anhydride was cautiously dissol\ ed in 20 ml concentrated aqueous ammonia in a 
§0-m! round-bottomed flask. A 2 » 15-cm Vigreux column was attached as an air 
condenser and the flask was heated in a Wood’s metal bath. After boiling away the 
ammonia and water, the temp was slowly raised to 300° and maintained there for | hr. 
The cooled reaction product was extracted with 25 ml of refluxing benzene to yield, 
on concentration, 460 mg (94°) of crude (III). Insoluble in « yvclohexane and carbon 
tetrachloride, this material could be recrystallized from either ethyl acetate or benzene, 
the latter solvent furnishing colorless crystals of m.p. 205-5—-206°0° in a sealed 
capillary; mixed m.p. with the sample above, 206:5°; infrared spectra of the two 
samples were superimposable (Found: C, 71-9; H, 5-6; N, 6-9. C,,H,;NO, requires 
C, 71-6; H, 5°5; N, 70%) 


Hydrolysis of ( 1) to 4-hydroxymethyl-|-naphthamide 


A solution of 20-0 g of (1) and 16 g KOH in 250 ml ethanol was refluxed | hr in 
a stream of dry nitrogen and then poured into 1-51. saturated aqueous sodium chloride. 
Continuous extraction by ether followed by concentration, ultimately at 0-005 mm 
for 8 hr furnished a viscous residue. One recrystallization from acetone gave 9-62 g 
(70%) of 4-hydroxymethyl-l-naphthamide. In another experiment, the alcoholic 
reaction mixture was diluted with water and extracted with ether. The dried extract 
was concentrated and evaporatively distilled at 85 and 45 mm to give benzyl alcohol 
in 56°, of theory, identified by infrared spectrum The hydroxyamide is insoluble in 
benzene or chloroform and slightly soluble in ether, water, acetonitrile and acetone. 
Three recrystallizations from acetone, followed by sublimation at 120 and 0-02 mm, 
afforded 4-hydroxymethyl-1-naphthamide with the following melting characteristics. 
Sublimed material always melts at 152-153-5 Recrystallized material shows a 
phase transition beginning at 143-5” from prism to needles which under the polarizing 
microscopic appears as a change from colorless prism (presumably anistropic) to 
colored, highly refractive needles. The needles then melt at 152-1535. The 
substance gives negative permanganate and Tollens tests and cannot be hydrogenated 
at an appreciable rate in ethyl acetate with 5° palladium-on-carbon; Amax 226 
and 285 mu (log «4-78 and 3-88 respectively); NH and carbonyl absorption in 
the infrared: 3-00, 3-17, 6-08 and 6-20 uw in potassium bromide and 2-93, 5-95 and 
6:19 in dioxane (Found: C, 71-9; H, 5-8; N, 7:3. requires C, 71-6; 
H, 5°5; N, 70°). 
The acetate could be prepared by dissolving 200 mg of the hydroxyamide in 2 ml 
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pyridine and 0-8 ml acetic anhydride during cooling. After 24 hr at room temp, the 
crystalline product was filtered, washed with water, dried, and recrystallized from 
ethyl acetate; m.p. 198-5-200-0° (Found: C, 691; H, 56; N, 61 ©,,H);0,N 
requires C, 69:1; H, 5-4; N, 58%). Its infrared spectrum in dioxane solution 
showed the expected absorption in the 6m region; viz. 5-74, 5-94, and 6°20 yu 
corresponding to acetate carbonyl and amide (1) and (II), respectively; as well as 
the expected shift of C—O frequency from 9-30 to 8-04 mu (in potassium bromide). 


Permanganate-oxidation of 4-hydroxymethyl-|-naphthamide 

(a) 1:2:3:4-benzenetetracarboxylic acid. The procedure employed is a modification 
of that described for the oxidation of 1:4-naphthalenedicarboxylic acid.*’ To a stirred 
slurry of 150 mg (0-748 mmole) 4-hydroxymethyl-l-naphthamide and 21 mg (0-374 
mmole) KOH in 10 ml water, 1-18 g (7-48 mmoles) potassium permanganate was 
added s/ow/y. The contents were stirred for one hour at room temp and then for two 
at 90 

After the destruction of excess permanganate with methanol, the manganese 
dioxide was filtered and washed with 20 ml hot water. Treatment of the filtrate with 
307 mg (1-5 mmoles) barium chloride dihydrate gave a precipitate which was digested 
for 2 hr on the steam bath. Upon filtering the barium salt, 159 mg (1-5 mmoles) 
sodium carbonate was added to the filtrate, precipitating barium carbonate which was 
digested, filtered, and con bined with the barium salt 

The combined precipitate was then treated with | ml of 1-47 M H,SO, at 70 
for 12 hr. After removing the barium sulfate and washing with water, the filtrate and 
washings were concentrated to 0-1 ml when crystals began appearing The solution 
was cleared when two drops | M HCI were added and was kept at 5° for 12 hr, giving 


7° (dec.): reported,” 


7-4 mg crude 1:2:3:4-benzenetetracarboxylic acid of m.p 224-5-—23 
m.p. 236-238 Concentration of the mother liquors afforded an additional 2 mg 
bringing the total yield to 50 of theory 

Because of the report that the m.p. of this acid is a poor criterion of purity,” the 
tetramethyl ester was prepared by treating the crude acid, in methanol, with ethereal 
diazomethane. Filtration, evaporation of the filtrate, and two recrystallizations 
afforded ester. m.p. 131-0-133-0 m.p. 131:5-132-0° in admixture with an authentic 


29 


3:4-benzenetetracarboxylate of m.p. 132-5-I 33-5": infrared 


sample of tetramethyl 1:2 
spectra of the two esters were superimposable 

(b) 1:4-Naphthalenedicarboxylic acid. A slurry of 1-50 g (7-48 mmoles) 4-hydroxy- 
methyl-l-naphthamide in 100 ml water containing 3-55 g (22:5 mmoles) potassium 
permanganate was stirred at room temp for | hr and then at 80° for two. Manganese 
dioxide was filtered with the aid of Super-cel and washed with 100 ml hot water. The 
alkaline filtrate and washings were concentrated to 25 ml on the steam bath and, after 
the addition of 3 ml 2-5 M NaOH, refluxed for 48 hr. Acidification afforded 934 mg 
(58°.) of dicarboxylic acid as finely divided white crystals. Sublimation at 150° and 
0-005 mm followed by crystallization from acetic acid gave material of m.p 309-0 
327-S° in a sealed capillary; reported m.p. 325°.” 


The dimethyl ester was prepared by treating a slurry of the di-acid, in methanol, 
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60, 
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with excess ethereal diazomethane. Filtration, evaporation of solvent, and 
recrystallization from pentane afforded crystals of m.p. 67-5-68-0°; m.p. 67-5-68-0" in 
admixture with an authentic sample (vide infra) of m.p. 68-0-68-5°. Infrared spectra 
of the two esters were superimposable. 


Synthesis of authentic 4-hydroxymethyl!-|-naphthamide 
1:4-Naphthalenedicarboxylic acid (3-0 g), prepared according to the procedure of 
Walker and Scott’ from dihydro acid (vide supra), was treated with excess ethereal 
diazomethane. Filtration and evaporation yielded the crystalline dimethyl ester 
which was dissolved in methanol (25 ml) for the next step, but which, in a separate 
experiment was isolated and recrystallized from pentane; m.p. 60 67°5° (90°) after 
one recrystallization; m.p. 68-0-68-5° (reported 66-5") after the third recrystalliza- 
tion. Addition of potassium hydroxide (900 mg) in methanol (3 ml) to the methanolic 
solution of dimethyl ester followed by refluxing for 1 hr, gave a solution w hich was 
poured into ice-water (30 ml) and extracted with three 20-ml portions ether. The 
combined ethereal extracts were washed with three 20-ml portions water and saturated 
aqueous sodium chloride (20 ml). Evaporation of the ether afforded 812-6 mg (24% 
recovery) dimethyl ester. The ether-extracted, aqueous, alkaline solution was heated to 
remove last traces of ether and acidified to furnish 2-03 g of crystalline methyl 
hydrogen 1:4-naphthalenedicarboxylate (64°, of theory based on starting | :4-naptha- 
lenedicarboxylic acid). The infrared spectrum of this material, in potassium bromide, 
exhibited carbonyl absorption at 5-78 and 5-90 wu (ester and acid, respectively). 


Monomethyl ester (1-0 g) was added cautiously to 10 ml of purified** thionyl 


chloride and refluxed | hr. Excess thionyl chloride was removed in vacuo leaving 
crude methyl 4-chlorocarbony!-\-naphthoate, which was dissolved in purified dioxane*® 
(10 ml) and treated with potassium borohydride (700 mg). This slurry was refluxed, 
stirring magnetically, for 3 hr while protected by a calcium chloride-filled drying tube. 
Water (20 ml) was added, cautiously at first, during stirring. The last traces of 
borohydride were finally decomposed by the addition of 3M HCl in an amount 
insufficient to neutralize the alkaline solution. The aqueous solution was diluted 
further with water (10 ml) and extracted with three 10-ml portions methylene chloride. 
The combined extracts were washed with three 20-ml portions water and dried over 
anhydrous magnesium sulfate. Evaporation afforded 759 mg methyl 4-hydroxy- 
methyl-l-naphthoate as an oil which crystallized on cooling and scratching; yield, 
81°, based on methyl 1:4-naphthalenedicarboxylate or 71°, based on 1:4-naphtha- 
lenedicarboxylic acid 

4 solution of methyl 4-hydroxymethyl-l-naphthoate (354-3 mg) in methanol 
(25 ml) was saturated with anhydrous ammonia at 0°, sealed in a Carius tube and 
heated at 131° for 24 hr. Methanol and excess ammonia were evaporated, finally 
in vacuo, furnishing a brown oily mixture of product and starting material. The 
former could be separated by crystallization from chloroform-acetone. Charcoal 
decolorization, followed by recrystallization from acetone afforded 4-hydroxymethyl- 
l-naphthamide; m.p. 151-5-152-0°, exhibiting the characteristic phase transition at 
143-5° (vide supra); mixed m.p. with the sample described above was 150-0—151-5°. 


28 FF. Bradbook and R. P. Linstead, J. Chem. Soc. 1739 (1936) 
2° D>. L. Cottle, J. Am. Chem. S 68, 1380 (194¢ 
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The evidence which has been brought forward in support of these proposals is of 
three kinds. Above all, the magnificent systematic investigations of Alder®(*.'.*) 
established a series of remarkable stereochemical generalizations which have led most 
chemists to favor the single-step mechanism Then, the kinetic and thermodynamic 
investigations, especially those of Wasser mann,” have usually been adduced in 
favor of a similar choice. On the other hand, the effects brought about by substituents 
attached to the reacting unsaturated centers have generally been regarded as providing 
support for the two-step I 

It is the purpose of the ent paper to put forward a novel view of the mechanism 


of the Diels—Alder react vhich circumvet the difficulties while incorporating the 


features of merit 


lhe 


summa 


to the 


the dimerization ol cyclopentadiene, under mild conditions, gives only the endo 


product (V1), through an assumed complex (VII). It should be emphasized at this 
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point that while the principle of maximum accumulation of unsaturated centers 
is in the first instance empirical, it has been given physical meaning through the 
proposal” ‘ that electrostatic and electrodynamic attractive forces associated with 
the mobile electronic systems not directly involved in the bond-forming processes 
lower the energy of intermediates such as (IV) and (VII), as compared with the 
alternatives of the type (V). A very great number of cases have been investigated, 
and the virtually universal predictive success of the above principles, applied as 
exemplified here, has been the major factor in bringing about acceptance of the 
one-step mechanism for the Diels—Alder reaction 

By contrast, the two-step mechanism, in the form in which it has been discussed 
previously, seems quite incapable of accomodating the stereochemical observations. 


For, once the initial barrier has been traversed, and the intermediate (VIII) reached, 


free rotation about the bond hc would permit dissolution of the original stereometrical 


relationships of the groups attached to the atoms / and « Furthermore, if the 


repulsive forces of steric demand are alone operative in determining which of the 


available conformations will be assumed at the barrier in the initial bond-forming 


process, we may not doubt that in the case of cyc/opentadiene, for example, the 


activated complex will possess the structure (IX). This array leads uniquely to the 


exo dimer (X), rather than to the observed endo product (VI) 


THERMODYNAMIC CONSIDERATIONS 


Although the great difficulties associated with calculating the entropy of activated 
states having incompletely known geometric and other properties has led to a certain 
amount of controversy,*""’:**"’ the burden of the kinetic and thermodynamic studies 
on the Diels-Alder reaction is that the relatively small non-exponential term in the 
rate expression for the reaction requires a highly special orientation of the reactants, 
while the normal frequency factor for the reverse reaction indicates that the geometry 
of the activated complex is similar to that of the adduct It is at once clear that 
the one-step mechanism is in harmony with these requirements, and scarcely less so 


* A. Wassermann, J. Chem. S 825, 1511 (1935); 432 (1936) 
* C, Walling, Free Radicals in Solution Footnote, p. 188. Wiley, New York (1957) 
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that the simple two-step mechanism is not. Since no conformational specificity is 
associated with the initial bond-forming process in the latter case, the requirement of 
similar geometry at the barrier and in the product is clearly violated, and further, it 
may be doubted that the frequency factor for the forward reaction should be as low 
as that observed. 

THE EFFECTS OF SUBSTITUENTS 


rhe attachment of groups of various kinds to any of the three unsaturated centers 
which take part in the Diels-Alder reaction exerts a marked effect upon the ease of 
the reaction, and upon its sense in unsymmetrical cases. Indeed, the reaction of a 
simple olefin with a diene takes place only with very great difficulty, and the olefinic 
components in those reactions which proceed smoothly and rapidly are invariably 
substances in which the reacting double bond is conjugated with one o1 more further 
unsaturated or equivalent groupings. Beyond that, the reaction is especially facilitated 
when the partners to the union are respectively laden with groups of opposite electrical 
character. It is easy to comprehend such influences on the basis of the two-step 
mechanism. For, the delocalization of electrons from each of the unsaturated 
systems which must be attendant upon the initial bond-forming process leaves on 
either side electrons which are relatively less stabilized through exchange with their 
former partners. Clearly, any group which stabilizes these partially freed electrons 
will facilitate the initial bond-forming process 

By contrast, the one-step mechanism seems ill-adapted to the rationalization of 
substitutive effects. Indeed, if two electrons from each partner must be simultaneously 
delocalized in order to participate in two simultaneous bond-forming processes, it 
might be expected that groups capable of conjugation would render reaction more 
difficult, in consequence of the demands which they would make upon the electrons 
necessary for bond formation in the reaction process 

Similarly, directive effects are much more clearly explicable in terms of the two- 
step mechanism. Thus, to choose an extreme example, it may not be doubted that 
the combination of two molecules of acrolein in a two-step process would lead initially 
to (X1),* and thence to the observed product (XII). On the other hand, were the 


reaction to proceed through a one-step complex such as (XIII) or (XIV), it seems 


Aly 


highly probable that the polar forces within such complexes would operate in such 
wise as to render (XIII) more stable than (XIV). 
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NEW EVIDENCI 


We turn now to new evidence which shows with special clarity that the thermal 
dissociation of dicyclopentadiene derivatives takes place in two discrete and experi- 


mentally separable stages 

When endo dicyclopentadiene (V1) is heated at 200°, it suffers a smooth reverse 
Diels-Alder reaction, with cleavage to two molecules of cyclopentadiene.® The 
| of the dicyc/opentadiene skeleton does not materially 


attachment of oxygen at ¢ 
alter the course of the dissociation. When l-acetoxydicyclopentadiene is heated at 
200°, it is converted into cyc/opentadiene and acetoxycy lopentadiene. This demon- 
stration is complicated by the lability of acetoxy« clopentadiene, but a simple proof 
of the course of the reaction is obtained when the decomposition ts carried out in 


the presence of ethylene, which traps the cle 


heptene (XV) and 7-acetoxybicyc/oheptene (XVI). 


ivage products. respectively as bicyclo- 


es just described is the behavior of 


nnolete 
Lika va 


In sharp contrast to the cor 
x-1-hydroxydicyclopentadiene (XV IT) ’ when it is heated to the relatively low 


temperature of 140 Lnder these conditions, the alcohol is smoothly converted, in 
part, into an isomeric substance, which we have shown possesses the structure (X VITL) 
Thus, the new alcohol possesses the infrared bands at 3-28 uw. 6°18 w and 6°37 u, 


characteristic of the two double bonds of the dicycl pentadiene system.® It forms a 


toluenesulfonyl derivative whose solvolysis is very sluggish,” and is reduced to a 


* The prefix « is used art (X VIL), while lesignates the C. 1 epimer 
(vide infr x ( l ot p ously been assigned but follows 
from our observation t € onverted Dy vé dilute hydrochloric acid in 
water/acetone to the z ‘ I indoubted k inde guilibrating conditions 
and simp teric CO leratio ive no dou au (XVilt be more ible of the two epimers 
*B. S. Khambata and A. Wassermann, Nature, Lond. 138, 368 (1936); G. B. Kistiakowsky and W. H 


Mears, J imer. Chem. So 58, 1060 (1936) R. B. Moffett, Organic Svatheses Vol. 32, Pp 41 Wiley, 
New York (1 

P. Wilder, Jr., Dissertation, Harvard (1950) R. E. Vanelli, Dissertation, Harvard (1950); ae 
Norton, Dissertation, Harvard (1955) !’ S. Winstein. M. Shatavsky, C. Norton and R. B. Woodward, 
J. Amer. Chem. Soc. 77, 4183 (1955) 

@? M_ Rosenblum. J. Amer. Chem. Soc., 79, 3179 (1957); ® K. Alder and F. H. Flock, Chem. Ber. 87, 
1916 (1954) 

*P. von R. Schleyer, Dissertation, Harvard (1956); P. E. Fuchs, Dissertation, Harvard (1955); H. B 
Henbest. G. D. Meakins, B. Nicholls and R. A. I Wilson, J. Chem. Soc. 997 (1957) 

© CF S. Winstein and E. T. Stafford, J. Amer. Chem. Soc. 79, 505 (1957), who observed the relatively 


slow solvolysis of syn-7-norborneny! toluenesulfonate 


x A, 
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tetrahydro derivative (XIX). The latter is oxidized to the corresponding ketone (XX), 


HO a 


xix XX 
whose infrared spectrum possesses a carbonyl band of characteristic high frequency 
(5°65 «),” and which is reducible by the Wolff—Kishner method to the known 
endotetrahydrodicyclopentadiene (XXI)." 


The conversion of «-l-hydroxydicyc/opentadiene (XVII) into syn-8-hydroxydi- 
cyclopentadiene (XVIII) is an equilibrium reaction When either alcohol is heated at 
140°, it is converted into the same equilibrium mixture of (XVID) and (XVIII). The 
reaction is very smooth, it is accompanied by substantially no ancillary decomposition, 
and a careful search of the equilibration reaction mixtures reveals the presence of no 
substantial amounts of other isomers, or other products. The equilibrium constant 
for the reaction is approximately 1. Since the 8-alcohol ts substantially more volatile 
than the l-alcohol, the conversion of the latter into its isomer may be effectuated in 
almost quantitative yield by slow distillation 

Precisely similar phenomena are observed in the case of the new p-1-hydroxy- 
dicyclopentadiene (XXII) (see footnote p. 74), which is obtained by reduction of 
1-ketodicyc/opentadiene (XXIII)* by lithium aluminum hydride. W hen the / alcohol 


is heated at 140°. it too is converted into an isomeric substance, which in this case 
has been shown to be anti-8-hydroxydicyc/opentadiene (XXIV). The new alcohol 


again possesses the characteristic infrared bands at 3-28 uw, 6-18 « and 6°37 w.* Its 


11 J. Pirsch, Chem. Ber. 67, 101 (1937) 


x 
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toluenesulfonyl derivative undergoes very ready solvolysis*™ to give anti-8-acetoxy- 
dicyclopentadiene as sole product. It is reduced to a tetrahydro derivative, which 
is oxidized to the same 8-ketotetrahydrodicyc/opentadiene (XX) which is obtained 
from the isomer (XIX). As in the case of the « isomer, the isomerization of the 
B alcohol (XXII) into anti-8-hydroxydicyclopentadiene (XXIV) is an exceptionally 
smooth reaction. Here again no secondary reactions of by-products are observed. 
In this case too, an equilibrium reaction is no doubt involved, but as would be expected 
on the basis of simple steric conditions, the equilibrium here lies strongly in favor of 
the 8-substituted alcohol (XXIV). 

It is of particular significance that complete ster ochemical integrity is maintained 
in both of the reactions just described. \n the isomerization of 1-x-hydroxydicyclo- 
pentadiene only syn-8-hydroxydicyclopentadiene and no anti-8-hydroxydi vclo- 
pentadiene is formed. In the isomerization of 1-/-hydroxydicyclopentadiene, only 
anti-8-hydroxydicyclopentadiene and ne syn-8-hydroxydicyc/opentadiene is produced. 

How do these reactions proceed? We consider first, and reject at once, the 
possit ility that the alcohol undergoes reversion of the Diels-Alder reaction, to give 
cyclopentadiene and hydroxycyclopentadiene, which recombine to give the observed 
products. For, in that event, the observed stereochemical specificity of the reactions 
would be inexplicable. Lest an attempt be made to circumvent this argument with 
the proposal that the reversion does occur, and that the components are trapped in 
some kind of cage which ensures their recombination with approximate retention of 
the relevant original stereometrical relationships, we have converted the already very 
impressive stereochemical demonstration into a dramatic one. Thus, the « and p 
alcohols, (XV1L and XXI1), were each resolved, and submitted to the isomerization 


reactions, with complete retention of optical integrity. 1t would be a remarkable cage 
indeed which would permit to its captives the n olecular motions required for the 


isomerization, while at the same time preventing those displacements which would 


lead to the symmetrical array (X XV), and thence to racemization 


It is now clear that the isomerizations which we have observed involve the scission 


of the bond ab of the dicyclopentadiene skeleton (X XVI), and the constitution of a 


e 
y 
* Winstein ef a obser it Koeptn illy rapid solvolysis of anti-7-norborneny! toluencsullfonate 
The i oru < cetic acid at 25 .45 mir while the yn isomer was unchanged 
< 
%S. Winstein, M. Shatavsky, C. Norto nd R. B. Woodward, J. Amer. Chem. Sec. 77, 4183 (1955): 


S. Winstein and M. Shatavsky, /bid. 78, 592 (1956) 


AXY 
as 


The mechanism of the Diels-Alder reaction 77 


new bond between c and f/f, while the integrity of the bond de is maintained. The 
molecules, in undergoing the transformation, must pass through a stage (XXVII 


XXVIII), in which one bond is in process of formation while another is suffering 


cleavage.*!* 

We now know that cleavage of one bond of the dicyclopentadiene molecule, with 
conversion to (XX VII), takes place relatively readily. We know further that if (XX VII) 
is more highly energized, a second bond, at a, breaks, and two molecules of cyclo- 
pentadiene are produced. These facts lay the basis for presumption that in the 
combination of two molecules of cyc/opentadiene, (1) the rate-controlling process 1s 
the formation of a single bond between termini of the conjugated systems of the 
reacting molecules, and (2) after passage of the barrier, reaction proceeds to the same 
array (XXVII), and thence, with relatively facile formation of a second bond, to the 
product 

4 NEW THEORY 

We now generalize the conclusion of the preceding section, and propose that the 
Diels—Alder reaction takes place in the following way. 

(1) The diene assumes, if it does not already have, the quasi cis conformation 


(XXIX). 


(2) The rate-controlling process consists in the formation of a single bond between 
one terminus of the diene system and one of the unsaturated centers of the olefin. 
Accordingly, the diene and the olefin approach one another initially in parallel 
planes, orthogonal to the direction of the bond about to be formed (cf. XXX-XXXI) 


* The reaction is of course a special case of the Cope rearrangement 


13 Cf. E. G. Foster, A. C. Cope and F. Daniels, J. Amer. Chem. Soc. 69, 1893 (1947), and earlier papers. 
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(3) Conformational specificity about the newly-forming bond is determined by 
secondary attractive forces involving the electrons not directly associated with the 


primary bonding process (cf. XXXIl==XXXIID).* Thus, as electrons at c, d and e are 


progressiy ely freed of their involvement with their former partners at a and +, attractive 


electrostatic, clectrodynamic, and even to some cxte chi > forces (dotted lines 
XI 


ea and in XX 


other as i avi le alternatives. It should be noted that by necessity the spins of 


XXXII1) stabilize the conformation shown as compared with 


all the e nvoly rocesses are appropriately coupled at all times 
Conjuga subst at ed in general to facilitate reaction 
throu lirect interaction wit ni ; al y freed electrons at the positions 
to which t yu ire hed irther ich gro vill have the following 
important ¢ hev v | det tcl } ‘ ne systems are 
involved 4 prec ul \ | det nine 
the it to w ht lectron isplac companvying tl imary bond 
forms yntribu 


tions to 1 ondary attra C ar } that way detern whi the 


become clear on 


merization of acrolein (XXXIV), and 
(XXXV) 


(4) After passage of the barricr, formation of the single bond at ab is first com- 


pleted (cf. XXXVI). and the reaction proceeds to its conclusion with the relatively 


I eprescr bo Drokc! cs symbolize partial bonds, 


and dotted es de 
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cate ry attractive forces 
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facile construction of a second full bond at ed (XXXVII). The latter process could 
be opposed by a further, relatively low, barrier, since the change involves substantial, 
though not great, geometrical displacements, and the attendant strains need not be 
fully compensated at all times by the stabilization accompanying the growth of the 
new bond. But it should be pointed out explicitly that we beg the question whether 
ours is a one-step or a two-step mechanism, that is. whether such a second. lesser 
barrier must be passed afte traversal of the first. Certainly a two-stage mechanism, 
in that the formation of two bonds takes parable, even if overlapping, 


ly delineated in rms, and d jintime. It is entirely 


illy all 


ndeed 


Melting point 


corrected 


cyclopentadiene (XVII) 


he hol repared according t the proced 


i! 
ti 


Norton with some lifications. Freshly distilled dicye 

dissolved in 500 ml dioxane in a one-liter three-necked flask 

berg stirrer and reflux condenser. Water (50 ml) and potassium dihydrogen phosphate 

(20 2) were added. and. while the solution was stirred and heated on a steam-bath, 


selenium dioxide (80 g, freshly prepared and sublimed!*) was added. After 3 hr the 


mixture was cooled, the precipitated selenium was filtered immediately with suction, 


and the precipitate was washed with ether The filtrate was shaken with 1 1. of 


saturated NaCl solution. The aqueous solution was drawn off and washed three 
times with 300 ml portions of ether The combined organic solutions were then 
washed with 250 ml of 5 per cent aqueous sodium hydroxide and 500 ml of saturated 


*N. Rabjohn, Organic Reactions Vol. V, p. 345. Wiley, New York (1949) 


pos c, 
cases. and not in others. In any event, it must be emphasized that for virtudiill@ll 
predictive and explicat purposc resolution of the extreme btle problems 
issociated with defining the precise topography of the energy surface for the reaction 
alter passage rst Darric! rl int 
In conclusion. we note that the theory of the Diels-Alder reaction here put 
ete have hitherto been considered separate nd exclusively characteristic of the one o1 . 
ea the other of the pre proposed mechanisn It share th the two-step 
nisn t readily acc } the kinetic and gynamic ¢ ence, since il 
" issuMes an ac it vhicl relatively rigid, whose geomet not markedly 
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brine. The emulsion which formed was broken by filtration through Supercel. The 
organic phase was washed twice more with brine and dried over sodium sulfate. The 
solvent was removed at reduced pressure, and the residual oil was distilled (b.p. 67 
at 0-1 mm) to yield 132 g (63°.) of slightly yellow, waxy crystals. After redistillation 
this material was sufficiently pure for use in all the following experiments. The 
alcohol could be obtained by recrystallization from pentane as white crystals, m.p 
and Norton” to be an oil and by 


36°6-—37-4 It is reported by Rosenblun 
Alder™”’ as a waxy mass, m.p. 40-50 
A phenylurethan was prepared in the usual way; m.p. 139-6-140-0 (reported,*" 


m.p. 142°) 


The the rmal isomerization of a-| -hydrox) dicy clope ntadiene (XV Il) 

When the « alcohol is heated to a temp. in the neighborhood of 135-150", a ready 
isomerization takes place. At temp. well below 135, the isomerization does not occur 
noticeably. Thus, for example, refluxing the alcohol in benzene solution for two days 


results in no isomerization, and the starting material is recovered unchanged. Above 


150°, cracking® ° and polymerization occur. That the isomerization is in fact an 
equilibration was demonstrated as follows Pure «-1l-hydroxydicyc/opentadiene 
(162 mg) was placed in a Pyrex tube, which was then evacuated and sealed. Similarly, 
a sample of the pure syn-8-hydroxydicyc/opentadiene (153 mg, vide infra) was sealed 
into an evacuated tube. The two tubes were placed in a rcund-bottomed flask 


partially filled with xylene and set for reflux. By refluxing the xylene around the tutes, 

a temp. of 138° was maintained for 6 hr. The tubes were then quickly cooled, opened, 
| 

and the infrared spectra of the contents examined. The two samples had super- 

imposable spectra, which, when compared with the spectra of known mixtures of the 

two alcohols indicated that this equilibriun mixture consists of 53 5 syn-8- 


hydroxydicyc/opentadiene and 47 5 x-1-hydrexydicyclopentadiene 


Syn-8-/ydroxydicyclopentadiene (XVII1) 


2-l-Hydroxydicyc/opentadiene was distilled slowly at a pressure of 35 mm through 
a jacketed distilling column (11-5 mm 125 cm packed with } in. Pyrex glass helices). 
The still-pot was heated in an oil bath kept at 165-175", and the column was main- 
tained at 131-132". The product which distilled (b.p. 126° at 35 mm) crystallized 
immediately, and precautions had to be taken to prevent its freezing in the still-head 
and fraction collector. The crude distillate consists almost entirely of syn-8-bydroxy- 
dicyclopentadiene contaminated with some of the starting material. The yield is 
limited only by the hold-up of the apparatus and by a very small amount of poly- 
merization which occurs in the pot. If the same distilling column is used from one 
run to the next, the hold-up of the column no longer affects the yield. Typical results 
follow 

Fifty grams of the «-l-hydroxydicyc/opentadiene were distilled through the column 
under the conditions described above. The distillate was collected in three fractions: 
the first, before the column was completely equilibrated, consisted of 6g; the main 
fraction comprised 40 g; and a final few drops (ca. | g) were collected. Thus, the 
total recovery was 47 g (94°.). The infrared spectra of the first two fractions were 
compared with the spectra of known mixtures of syn-8-hydroxydicyc/opentadiene and 


*” K. Alder and F. H. Flock, Chem. Ber. 89, 1732 (1956) 
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a-1-hydroxydicyc/opentadiene, as well as with the spectra of anti-8-hydroxydicyclo- 
pentadiene and dicyc/opentadiene. The absence of the latter two compounds, as well 
as ketonic material from cracking, was indicated by the absence of characteristic 
absorption (e.g., at 5-5-6°0 9°46 12°20 13-80 uw, 13-85 uw, 14-8 uw). In fact, the 
spectrum of the main fraction was identical with th mixture of 93 syn-8- 
hydroxydicyc/opentadiene and 7 : 1yvdroxycyc/opentadiene, while the spectrum 
of the fore-run was essentially identical with that mixture r 
2-1-hydroxydicyc/opentadiene and 89 hr 

The first fraction was recrystallizec from pentane, combined with the main 
fraction, and the combined products recrystalliz three times more from pentane 
This yielded g (73 white crystals, m.p. ample purified for 
analysis melted at 

(Found: ¢ 

The phenylureth 
to constant me 

(Found 
N, 5§:24°,) 


Oppe nauer oxidation 


A solution of 
75 ml dry benz 
the last trace 
t-butoxide (1 
was cooled, acidified with dilute |. and filter t ug iperce he aqueous 
phase was drawn off, ; 
times with 5 NaOH 
removed at reduced pr 
seeding wit! 
after two recrystall 
dicyvclopentadiene- 
Further purificatic 
65-3-65-6 


65-3-—65°6 


Tetrahydro-syn-8-h 
Syn-8-hydroxyvdi pentadiene (1-013 g) 
genated at atmosph 
expected 2 moles of 
solvent removed in vacuo, and the residue sublime 


833 mg (80 ‘white crystals, m.p. 109-5—109-9 


On a larger scale. a solution of 20 2 of syn-8-hydroxydicyc/opentadiene in 200 ml 
of 95°’ ethanol was hydrogenated in the presence of 368 mg of platinum oxide in a 
shaker (initial pressure: 50 lo/in*® above atmospheric pressure) ter sublimation, 


19-4 g (94°) of the tetrahydro derivative were obtained 


] 


Purification was conveniently effected by recrystallization from ligroin. The 


analytically pure material melts at 110-5—111-5 
(Found: C, 78-82: H, 10°66; Calc. for C,,H,gO: C, 78°89; H, 10-59 
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Dicyclopentadiene-\-one (XXI111) 

The ketone was prepared according to the procedure of Alder*”’ by chromic acid 
oxidation of «-1-hydroxydicyc/opentadiene. The ketone was purified by recrystalliza- 
tion from ligroin and by sublimation at reduced pressure. The melting point was 
found to be 65-3-65-6° (reported: and 59-0-59-S°*’). The 2,4-dinitrophenyl- 
hydrazone was prepared and recrystallized from aqueous ethanol, m.p. 199-2-199-5 
(dec.) (reported,**’ 203-5-204-0°) 


8-1-Hydroxydicyclopentadiene 


To a stirred solution of lithium aluminum hydride (2-26 g) in anhydrous ether (1 1.) 


in a 21. three-necked flask, equipped with stirrer, condenser, and dropping funnel, a 
: of the above ketone (XXIII) in 200 ml ether was added slowly. 


solution of 20°55 | 
The solution was stirred for 15 min after the addition was complete. It was then 


cooled and treated. with vigorous stirring, successively with 2-3 ml water, 2:3 ml 


15 NaOH and 6:8 ml water.'® The alumina was filtered and the ether removed 


in vacuo. The residue on recrystallization from a mixture of 50 mi ligroin and 150 ml 


pentane afforded 14-8 g (71°) of the alcohol. For analysis a sample was purifted by 


recrvstallization from pentane. from which the alcohol crystallizes as fluffy white 


&5-0-85-8 


needles ind sublin on t 0-05 mm pres . ) 
UDI ad Th at mi pre sure. 


(Found: C, 81-20; H, 8-34; Calc. for C,H,,0: C, 81-04: H, 8-16°%) 


A (XXIV) 


\ Pyrex bomb-tube partially filled with $-1-hydroxydicyc/opentadiene (8-83 g) was 
evacuated and sealed. The tube was then placed in a round-bottomed flask and main- 
tained at 135° for 22 hr by refluxing xylene around it. When cool, the tube was opened, 


and the contents transferred to a sublimation apparatus The product was sublimed 


twice at reduced pressure, to vield 7-0 ¢ (80°) of white, slightly oily crystals, which after 
two recrystallizations from pentane melted at 68-9 70-4 \ sample purified for 
analysis melted at 66-8—67-4 


(Found 81-08: H, 8-00 Cale for C,,H,,.O ( 81-04: H, 8-16 ) 


rhe infrared spectrum of a sample of the crude material obtained by sublimation 


of the contents of the bomb-tube was compared with spectra of syn-8-hydroxydicyclo- 


pentadiene and /-1-hydroxydicyc/opentadiene. The absence of these compounds from 


this material was witnessed by the lack of their characteristic absorption bands. For 


example, the following absorption bands present in the spectrum of the syn-8-ol: 


14-10 uw. 14-45 12°94 w, 12-81 9-76 9-68 uw, and of the f-l-ol: 13-11 a, 12°82 


11-06 9-84 9-70 uw were absent 


The phenylurethan was prepared and recrystallized from ligroin to a constant 


melting point, m.p. 136°2—136-5 
(Found: C, 76-53; H, 6°64: N, 5-50; Calc. for C,,H,,O.N: C, 76°38; H, 6-41; 


N, 5:24°) 


Tetrahydro-anti-8-hydroxydicyclopentadiene 


A solution of the above alcohol (XXIV, 931 mg) in absolute ethanol (10 ml) in 
the presence of 85 mg platinum oxide catalyst absorbed 97°, of the theoretical two 


1% YM. Micovié and M. L. Mihailovic, J. Org. Chem. 18, 1190 (1953) 
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moles hydrogen at atmospheric pressure in less than 2 hr. The crystalline residue left 
after filtration of the catalyst and removal of the solvent in vacuo was recrystallized 
from ligroin to yield 750 mg (81%) of white crystals, m.p. 120-0-120-5°. Further 
recrystallization and sublimation at reduced pressure afforded the analytically pure 
material, m.p. 119-8—120-3". 

(Found: C, 78-91; H, 10°72; Calc. for C,gH,O: C, 78°89; H, 10-59%). 


Tetrahydrodicyclopentadiene-8-one (XX) 

(a) From tetrahydro-syn-8-hydroxvdicyclopentadiene (XIX). The alcohol (2-0 g) 
and freshly sublimed quinone (2-45 g) were dissolved in dry benzene (85 ml) in a 
100 ml round-bottomed flask. To remove the last traces of water a few milliliters 
of benzene were distilled from the flask. Aluminum f-butoxide (4 g) was then added, 
and the mixture, protected from moisture, was refluxed for approximately 30 hr. 
After the flask had been cooled, the contents were poured into cold 5°, HCI, and the 
aqueous layer drawn off. The benzene solution was washed once more with cold 
5°’ HCland three times with 5°, NaOH, and then was dried over potassium carbonate. 
The solvent was distilled at reduced pressure, and the residue sublimed twice to yield 
1-57 g (80°.) of a slightly yellow camphoraceous product. Purification was effected 
by recrystallization from pentane The analytically pure material c ynsisted of colorless 
waxy crystals, m.p. 65 (Fisher-Johns block), which were too soft to place into a 
melting point tube 

(Found: C, 79-80: H, 9-48; Calc. for C,gH,,O: C, 79°95; H, 9-39"). 

(b) From tetrahydro-anti-8-hydroxydicyclopentadiene The latter (221 mg) and 
quinone (280 mg) in benzene solution (8 ml) was refluxed with aluminum /-butoxide 
(469 me) for 40 hr. After the reaction mixture had been cooled and acidified with 
cold 5°’ HCI. insoluble material was removed by filtration through a mat of Supercel 


(which was then washed with pentane). The aqueous layer was drawn « ff, and the 
organic phase washed successively with cold water, cold 5 NaOH and cold water. 
After drying over sodium sulfate, the solvent was distilled at diminished pressure, 
and the residue sublimed to yield 128 mg (59%) of an oily solid. After purification, 
as above, by recrystallization from pentane and sublimation, its infrared spectrum 
was identical with that of the ketone prepared as in (a) (above). 

Purified samples of the ketone prepared from the two epimers had identical 
melting points (65°, Fisher-Johns block) undepressed by admixture of the two. The 
infrared spectra of the two samples were superimposable 2,4-Dinitrophenylhydra- 
zones were prepared in the usual way from samples cf the ketone prepared by the 
alternative methods, and these were recrystallized from aqueous ethanol to constant 
melting points, which follow: 

2,4-DNP from tetrahydro-syn-8-hydroxydicyclopentadiene: m.p. 155°4—-1 

2,4-DNP from m.p. 156-2-15 

mixed: m.p. 155-9-157+1 
The ultraviolet spectrum of the 2,4-dinitrophenylhydrazone was determined: Ajax 
(ethanol) 357 my (log = 4-4). 


Wolff—Kishner reduction of tetrahydrodicyclopentadiene-8-one (XX) 
A solution of the ketone (587 mg) in triethylene glycol (20 ml) was treated with 
0-4 ml 95° hydrazine. After the solution had been allowed to stand at room temp. 
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for | hr, benzene (45 ml) was added and water azeotroped from the reaction mixture 
over a period of 5 hr. KOH (2-5 2) was added, and water again was azeotroped 
from the mixture. Volatile materials were distilled, and the reaction flask, equipped 
with a short condenser leading to a fresh receiver, and thermometer extending into 
the reaction mixture, was heated to 205 After 20 hr, the temp. was raised to distill 
out last traces of the reaction products. The distillate was diluted with its own volume 
of water and extracted twice with pentane. The pentane solutions, afte: being washed 
with 5°, HCl, water, and 5°, NaOH, were dried over K,CO,. The residual oil 
left after the solvent was distilled was freed of polar materials by elution from an 
alumina column (10 g, Woelm, activity I) with pentane. The eluted material was 
again placed on an alumina column (100 g, Woelm, activity 1) and eluted with pentane. 
Sublimation of the crystalline residue left after removal of the solvent yielded 273 mg 
(51°) of the hydrocarbon. After one more chromatographic treatment and resubli- 
mation, the hydrocarbon was compared with authentic tetrahyd1odicyc/opentadiene 1 
Its melting point (74-76°) was identical with that of the authentic material and was 
undepressed on admixture with the latter. Its infrared spectrum, though lacking 


detail, was identical with that of the authentic sample 


Epimerization of B-\-hydroxydicyclopentadiene (XXI11) 
A mixture of $-1-hvdroxvdicyc! ypentadiene (570 mg) acetone (10 ml) and 30 ml 

0-1 M H¢ 

the addition of saturated K.CO, solution, and 50 ml saturated NaCl solution were 


| was stirred for 90 min at room temp. The solution was made basic by 


The mixture was extracted three times with 30 ml portions of pentane. The 


added 
combined pentane/acetone solutions were washed once with brine and dried over 
sodium sulfate The drying agent was filtered, and the solvent removed in vacuo, 
leaving 548 mg (96°.) of an oil, the infrared spectrum of which was rich in detail 


| identical with that of «-l-hydroxydicyc/opentadiene (XVII). The phenylurethan 


and 1aent 


was prepared from this alcohol, and recrystallized twice from ligroin. Its melting 
point (140-0-140-1°) was undepressed by admixture with the ph ‘nviurethan of the 
alcohol produced by selenium dioxide oxidation of dicyc/opentadiene (m.p 139-9 


140-4 


Syn-8-hydroxvdi pentadiene (6 g), dissolved in pyridine (16 ml) was treated 
with tosyl chloride (8°48 g). The flask was stoppered and shaken until all the solids 
had dissolved, and was allowed to stand at room temp. overnight.” The reaction 
mixture was poured into cold dilute HCI sufficient to neutralize all the pyridine. The 
precipitated solid was dissolved by the addition of benzene, and after the two phases 


were separated, the aqueous phase was extracted twice more with benzene. The 
i benzene solutions were washed with dilute HCI and dilute NaOH, dried 


Comomed 


over K,CO,, and the solvent removed in vacuo. The tosylate is unstable to heat, and 


was recrystallized by dissolving it quickly in hot ligroin, cooling rapidly to room 
temperature, and finally cooling in an ice-bath. After two recrystallizations, 8-85 g 


(71°.) of the tosylate were obtained. A sample purified for analysis melted at 96-4 
96 
(Found: C, 67-72; H, 6-08; Calc. for C,,H,.SO,: C, 67°52; H, 6-00"%,) 


R. S. Tipson, J. Org. Chem. 9, 235 (1944) 


The mechanism of the Diels—Alder reaction 


Anti-8-tosyloxydicyclopentadiene 


Anti-8-hydroxydicyclopentadiene (995 mg) was dissolved in 5-0 ml dry pyridine 
(freshly distilled from barium oxide), and the solution, in a 10 ml stoppered flask, 
was cooled in an ice/salt bath. Tosyl chloride (1-416 g, recrystallized from ether) was 
added, and the flask securely stoppered and shaken, with cooling, until solution was 
complete. The flask was then stored for 6 hr in the refrigerator (ca. 8°). The contents 
were poured into a cold solution of 1°65 ml of conc. H,SO, in 50 ml water. The 
mixture was extracted three times with 30 ml portions cold benzene, and the combined 
benzene solutions were washed successively with cold 0-3 N H,SO,, cold water, cold 
5°. NaHCO., and cold water again. The benzene solution was dried over Na,SQO,, 
and the solvent was carefully removed in vacuo. The residue was recrystallized by 
dissolving it in ca. 75 ml ligroin at room temp and cooling to Dry Ice temp. This 
afforded 1-10 g of white crystals. Concentration of the mother liquors at reduced 
pressure to half the original volume, and cooling yielded an additional 0-34 g, which 
after one more recrystallization from 15 ml of ligroin afforded 0-25 g of tosylate. 
The combined yield (1-35 g) is 66°, of the theoretical. The tosylate is unstable at 
room temp. and above, and turns deep purple on warming. It can, however, be 
stored for weeks in a freezer 

(Found: C, 67-75; H, 6°06; Calc. for C,,;H,.SO,: C, 67°52; H, 600%) 


Tetrahydro-syn-8-tosvloxydic yclopentadiene 


A solution of tetrahydro-syn-8-hydroxydicyc/opentadiene (XIX, 1-09 g) in pyridine 
(3 ml) was cooled in an ice-bath, and tosyl chloride (1-5 g) was added. The flask was 
stoppered and shaken to effect solution of the solids, and stored in the refrigerator 
for 2 hr and then overnight at room temp. The reaction mixture was treated with a 
cold solution of 2-5 ml conc. HCI in 20 ml water, and the product was then extracted 
twice with ether. The combined ether solutions were washed with dilute HCl, water, 
and 5 NaHCoO., and then dried over Na,SO,. Removal of the solvent left an oil 
which crystallized on cooling and scratching. One crystallization from petroleum 


ether afforded 1-9 ¢ of the tosylate, which after recrystallization melted at 46-5—46°8 


‘ —— 
{ffempte d acetolysis of tetrahydro-syn-3-t vdicyclopentadiene 


A solution of the tosylate (500 mg) potassium acetate (173 mg) in acetic acid 
(15 ml). sealed into an evacuated bomb-tube, was heated in a steam cone for 78 hr 
The bomb was cooled, opened, and the contents d luted with water and extracted 
three times with chloroform [The combined chloroform solutions were washed 
SUCCESS! ely twice W ith watel and twice vitl NaH¢ solution, and dried Na,S¢ ),. 
Removal of the solvent left 485 mg (9 recovery) of the original tosylate, identified 


by its infrared spectrum, which was identical with that of the starting material 


mpted acetolysis of 


A solution of 223 mg tosylate (m.p. 95-4~-96°3°) and 102 mg potassium acetate in 
10 ml acetic acid was allowed to stand at room temp. for 30 days. After dilution with 
75 ml water, the mixture was extracted with four 30 ml portions of chloroform, and 
the combined chloroform solutions were washed successively with 5 NaOH and 


three times with water. After drying over Na,SO, the solvent was distilled at reduced 


: 
85 
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pressure, leaving 220 mg (99°, recovery) of slightly yellow crystals, m.p. 95-0-96°3 


The infrared spectra of the product and starting material were identical 


Acetol\ sis Of anti-3-fos\ loxydicyclope ntiadiene 


Ainetics The rate ol acetolvsis at 
of 0-1 M sodium acetate and accti uhyvdride wi rmil by the infinity 


titer method** a e to ite (2 n va thed into ml volumetric 
ing bath 


flask, and tl 
10 ml of a solution of sod oC anhydr act a niaming 


e (1-0 ml) and 

added, and the 

After 

HCI in 

20 mi water ture with 3 « old 20 mi portions of pentane, 
and the | penta lutions 1 wit ld 7 HCl, cold w , twice 
over Na,SO,, most 


move traces of polar 


with col 
ol 

impurities ition wa t umn r of elm alumina (activity I) 
and eluted succe ly v | portions cach of pentane, 5°. ether in pentane, and 
25 ther in pentan moval of the solvents yielded 507 mg (80°) of the acetate, 


1948); S. W 


ae. ] excess acetic anhvdride. previously equilibrated with the bath, were added to the 

ae tosylate, and the flask wa en to effect solution After about 4 min, the first 

ae 1-000 mi aliquot as with n and ction quenc dg DY running it to petroicun 

. ether in an ice-bat The a peti er used was ( such a 

way that at the end-point i til on tion contained nuc 

petroicul iner a } ed ps ol a ted tion dD ) nol 

plot of In t found t 1 Straight on 
(b) Product met te and 34 mg potassium acetate in 
mist ted , , ‘ sh 14 nortions of 

cold p ed wv cold ter, cold 
iS 5 NaHCoO.., and « After di er Na,SO,, the solvent was 

with the spectra of 1 icetat clopent ne and 
anti-> OX) penta ls va lentica th that of 

—% which are present in t pectrum of the syn-acetate 

W timer. Che 70.81) ( tein, E. Grun- 
wald 70, 82 148 

Winst ind D. Trifan, J. Amer. Ci 74, 1154 (1952 : 

ex 
‘ 
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a very pleasant-smelling oil. For analysis the product was re-chromatographed on 


alumina and distilled 
(Found: C, 75-80; H, 7-48; Calc. for C,.H,,O,: C, 75°76; H, 7-42%). 


n-S8-acelox) dicyclopentadiene 


Syn-8-hydroxydicyclopentadiene (3-75 g) in pyridine (6-0 ml) was treated with 
acetic anhydride (2:72 ml) and the flask swirled, stoppered, and allowed to remain at 
room temp. overnight. The reaction mixture was poured into an amount of dilute 
HC] calculated to neutralize the pyridine, and the product extracted three times with 
ether. The combined ether solutions were washed with dilute HCI, brine and 5% 
NaHCO.. After drying over Na,SO,, the solvent was removed, ¢ he residual oil 


Was dl ic 


! at reduced pressure to yield 2-64 g of a plea melling oil, b.p. 83° at 


io mn his was D 


NaOH, and anothe: 21 mi water. Sti 
and the reaction mixture filtered through a mat of Super ther was used to wash 
the precipitate The combined solutions were transferred to a separatory funnel and 


washed twice with 200 ml portions water. Drying (Na,SO,), followed by removal of 


* We wish to express our warm appreciation to Dr. Eugene P vet hering Corporation, Bloom- 


field), who kindly provided a generous sample 5-p-acetoxy A®-et 


= 
i 
urified by chromatography on alumina and redistilled 
: Ry solution of |- lroxvdicyciopentadien (XV 11) 
Acetox, \°-etiocholeny! riage wa ires prepared D allowing freshly 
ecrysta ed 3 cet \’-etioch nic ac (30°9 and ride (ZU0 
ae to 1 t at ro temp. | thr. R val the ces chloride in vacuo : 
icided the 1 chiorid ved in 30O mi dry pyrid ne 
é 
(fre 1 > is then a ce-bath 
The fla curely ind \ owed to stand 
— i( The min k¢ y an he 
A sample prepared for analysis melted at 201-9-2¢ 2 nd had [al;, 110 
(CHE 1-96) 
(Found: 8-11: H. 8-46: Calc. for C..H,O.-: 8-33: H, 863°.) 
A suspension of this ester (17-2 g) in about [500 anhydrous ether was slowly 
idded, with vigoro stirring, to a suspension of lit ilumin hydride (/ g) in 
1200 ml anhydrous ether in a dry ree-necked flask set for un [he reaction 
; mixture was stirred for 30 min after addition was complete and was then cooled in 
f an ice-bath. With vigorous stirring, 7 ml water were slowly added, followed by 7 ml 
ig 
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left a residue, which was shaken vigorously with approximately 


the ether in vacuo, 


1 |. of pentane. The steroidal alcohol was filtered, washed with more pentane, and 
the pentane largely removed from the f te. Cooling the concentrated solution 
precipitated the optically active «-l-hvdroxvdicyc/opentadiene (3-68 7 ) as sot 
white crystals, m.p. 68-70-3°, 87° 2-91). The infrared spectrum 
(CS.) of this material was superimposable in deta nm that of the di- l-hydroxy- 


dicyclopentadiene 
Rearrangement of |-z-\-hydrox opentadiene (XVII) 
which had been car 


tube was heated in a bath « refluxing \ ene (139 1) oO ni e tude Wi ¢ 


quickly cooled and o 


The components of the xture were separated by chroma 1 I : 
immed! followed Dy the wT ene Ide ere 
con bined and subdli Ss WeTe « Cu 
me Si? YUTOAVG is CU COUICS, 


49-4 


was 


iden 


rotations 


dix 


curve OF the tatter compounc 7 


rotations of the starting terial al 
The recovered val pentadicne | 


(CHCL., « 


Dicyclopentadienon 


l-x-1-H) 


4-45 9 chror i anhvd ac and ae | ary py gine, accordin to tne p cedure ol 
Sarett After 24 hr at room t np the mixture s poured into 400 iter, and 
benzene was added Insoluble itc Iw C wed D | ers ere 
separated, and the aqueous phase re-extracted twice re 1 fresh p ons of 
benzene, filtering as necessary he combined benzene s tions (c SOK ) were 
washed twice with water, twice with cold 20°, H¢ ind then three times with saturated 
brine to neutrality. The benzene was removed in vacuo after drying over potassium 
carbonate. ing the crystalline ketone. which was recrystallized fro ligroin 
vield | 939 After one more recrysta ition from a small an int of ligroin, the 
yield was 1-90 ¢ of white crystals, m.p. 72-6—76°4 \ small sample recrystallized 


(XX11) 


In a dry three-necked 
a suspension of 317 mg of lithium aluminum hydride in 150 ml dry ether was prepared 


While stirring, 


I. Poos, G. E. Art R. E. Beyler and L. H. Sare 1A r. ¢ Son §, 422 (19 


a solution of t s added, and 


: 
4 
by 
1-6 ) had [a] 329° (CHCL, « 9-62). Its infrared spectrum 
wes with that o syn-8-hydroxyvd yentadiene Tha e observed 
Were not duc to the presenc a trace of the starting mate VOTOXY- 
/ pentadiene) was demonstrated Dy a dete! nination ¢ tne rotator Gispersior 
70-9 na x4 
, , 
2°21) 
droxydi pentadiene (2:35 g) was added to the complex formed from 
from ligroin melted at 76°S and had (CHC, 3°15). Its infra- 
~d ny \ id n ~al tha dled: nent | none.! 
rec spectru 1 was 1acntica Wit tnat Of di-dlk 
Lis 


stirring was cont i) min ixture é in an 


se-bath, and, with vigorox rring, 0-3 ml water, { ved by l 1: NaOH 


1c 


f Supercel 


twice with 


The mechanism of the D reactinn g 
mechanism ol e Diels—Alder reaction 
and 0-9 m - The +h 
and mi water were added. he alumina was filtered through a mat 
and dried (Na.SO.) After t nt ine w ~e 
ae water and cried (Na , te ere C ent, the residue was twice 
recrystallized fron and then sublimed: yield 9 ¢. The infrared spectrum 
of this product was extremely sin il ) dgentica in, it Of pure p-i- 
(CHC $2) and melted at 83-/-84-% [ts in ed spectru CS,) 
was in every respect identica -i- Groxvad pentadciene 
> 
Rearra XX 
ee The sealed tube ; heated in a bat reflu ene (14 for 2 It was then 
2 
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Synthesis of fraxidin 


(Received 9 September 1958) 


THE applicatio to 7-methoxy-8 . m ive satisfactory yield of 
7-met! 

ng compound 

constitution 


Demmer"* 


EXPERIMENTAI 
M 


essed The 


coumarin® (1 ¢) was 


to O° and treated slowly 


Vv. D 
Indias 
I 


) 


| ka Scienkiewiczowa B70, 

f Ber. B62, 120 (1929) 

rmanowska Scienkiewiczowa, Ber. B70, 167 
°K shoramurty and T. R. Seshadri, J. Chem. Soc. 3065 (1954) 
7A and Ga Chim. It 70, 611 (1940) 
sy mat Ber. 17, 129 (1 

*G. Bargellini, Gazz. Chim. Ita 46, 249 (1916) 


7 
‘ 
‘ 
established as 6:7-dimethoxy-8-hydroxy coumarin (1). It was prepared by Wessley ar 
from trax 6-me yx) Oxy-8 COS xy co nb nd s sequent hydro- 
lysis. Spa ta empted the p Il) ed a mixture of 
the two ) 1) x \ \ satisfactory 
by tl \ S entity of duct ynt ed Dy 
the preparation of its me it thy! ethe 7.3 
4 
i¥ 
J 
7-M 8-Aydro. nari 2 ¢) was heated o DOING 
water roxide { cc, 4°) I Ck cooled 
and hy Cc, ne of 151 The ture was icit at for 
residuc sed Ire ct iwcetate ylourless 
172-73", agre (Found: C, 62-2 
H. 4:5 for ( HO 4.4 H 42 Ody \ pl te a pota um 
carbonate in acetone solutior eldc : ne x) p. 119-20°. Mixed m.p. with 
an aut ‘ pie prey thy vd ‘ ! is undepr 
Same ie tw ec or.” 
6:7-Din y-8-/ fra n) (1). 6:7-Dimethoxy-8-acety| 
dissolved in hot aqueous sodium hydroxide (10 cc, 4°,), the solution cooled = 
: . N. Sa N. Naras ri, P. Rajagopalan, T. R. Seshad ind T. R. TI ivengadam, Pro 
fcad. Sci. A37, 681 (1953) 
4 (1041 
> (1937) 
(1937) 
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with hydrogen peroxide (0-5 cc, 30%). After 2 hr at 0° it was acidified with dilute hydrochloric acid; 
the solid product (0-8 g) crystallised from methanol as colourless stout rectangular prisms, m.p. 
196-97°. (Found: C, 59-5; H, 4-9; calc. for C,,H,gO;: C, 59-5; H, 45%). Spath et al.* reported 
the same m.p 

Methylation with dimethyl sulphate and potassium carbonate in acetone solution gave 
6:7:8-trimethoxy coumarin, m.p. 104-5°. Mixed m.p with an authentic sample prepared by the 
methylation of 6-hydroxy-7 :8-dimethoxy-coumarin with dimethyl sulphate and potassium carbonate 
in acetone medium was undepressed. Wessley and Demmer’’ reported same m.p for this product. 

The ethyl ether ‘pared by the ethylation of the above fraxidin sample crystallised from 


methanol as colourless fine needles, m.p. 108-9", agreeing with fraxidin ethyl ether.* 


V. K. AHLUWALIA 
Chemistry Department V. N. GUPTA 
University of Dethi T. R. SESHADRI 


10°F, Wessley 


Padmatin,* a new component of the heartwood of Prunus puddum 
(Received ptember 1958) 


(Ib) has been ed from the heartwood of Prunus puddum 
7 hoxyflavanone 
nethylether 


n position 


nt 
OUD II 


CH; 


It has been recorded ‘ that tl om its of the uddum are 7-methyl ethers 


which resulted fron 


yunds which did 
not occur in the barl I tivation of the heartwood has provided sig cant evidence in 
support of the suggestion ause padmatin and its precursor taxifolin « r togetl in it. Another 
significant feature is th url olin and its reduction product sucocyanidin in the 


wood 
EXPERIMENTAI 


Extraction. Dry heartwood shavings (2 kg) were extracted (3 1 day) with cold light petroleum 


(b.p. 60-80°), the extract yielding on concentration ; mall amount of a wax, which gave no colour 


with alcoholic ferric chloride and with Mg and HCl. The residual heartwood was exhaustively 


extracted (6 12 hr) with boiling alcohol and the alcoholic solution concentrated to 300 cc under 


reduced pressure and excess of ether (3 1.) added. The mixture was kept in a refrigerator for one 


* From the Indian plant Padmakashta. The investigation is Part VII of the series “Special components 
of commercial woods and relat n ‘ 
1 N. Narasimhachari and T. R. Seshadri, Proc. Indian Acad. Sci. OA, 271 (1949), 
2 N. Narasimhachari and T. R. Seshadri, Proc. Indian Acad. $ 35A, 202 (1952) 
3B. Puri and T. R. Seshadri, J. Sci. Industr. Res. 13B, 698 (1954) 
4 T. R. Seshadri, Ann. Rev. Biochem. 20, 507 (1951) 
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A new dihvdroflavonol, | tin 
A study of its reac ns a rope 
and is related to tax | sin 
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month. The ether solution was separated from the sticky solid (fraction A), and concentrated to 
one litre, and extracted successively with 5 aqueous sodium carbonate (fraction B), 0-1°% sodium 
hydroxide (fraction C) and 5 sodium hydroxide (fraction D) Complete evaporation of the re- 
maining ether solution gave only a little wax 

Fraction A: (leucocyanidin). The sticky solid did not give a test for glycosides; after boiling with 
alcoholic sulphuric acid (7°,), no test for sugars was obtained. Fraction A gave a test for 
leucocyan by the method already reported 

Fractior taxifolin. 1a). This fraction on acidifying with H¢ deposited a dark product 
which solidified on cooling. It was filtered, washed with water and dried in vacuo. On dissolving 
in ethyl acetate (40 cc) and precipitating coloured impurities by adding light petroleum (b.p. 40-60), 


the clear yellow sol n ncentratior ive ale yellow solid (6°0 g) which on crystallisation 


from alcoh nelted at 2 , and with ferric chi le in alcohol gave a brown colour, with Mg 


and ! lour and h Zn and HCI a pink colour. Hor ntal paper chromatography 
] 78 at 33 All these p rties agreed with those of an 

as undepressed The identity was 

lacial acetic acid and potassium acetate vieldit g quercetin 

(1b)}. Addition of HCI gave a sticky solid 

g). It was dissolved in boiling 

sited which when 

undepressed by an authentic sample of genkwanin 

ue dissolved in ether, and the 

ution vielded 


needles (0-2 g) 


ised from 

71° were 

Me and 

H, 42; OMe requires 60-4; 
potassium 

15 hr The 
an authentic 


dissolved in glacial 


continued for 


ir dioxide 


agreed with 


Wis 
rhamnetin 


1, 


ne precipitate 
ted to (40 cc) 


sation from ethanol gave 


be 
| 
‘= 
; 
ae 
é 
3 
J 
on evapo avion whicn crystaiused trom ethanol aS Colouriess prismauic 
m.p. 151-52 Its acetate’ cd § colourless prisms from ethy ‘tat n.p. 
The that separated On acidity ine Dor 
obdtainc An ak OC § n gave a deep Drow 
and pink with Zn and HC! acid (Found: C, 59-9 ae 
H, 4-4: OMe, 9-7°.) 
Vic via f padmatin to taxifolin-tetramethyl 
crys sed ‘ iS COlOUTICSS Nec 
Sampiec Of tcl ectnyvi etne 
lodine of padmatin to rhamnetin (11). Padmatin (1b, 0-5 g) was Ei 
acetic acid cc) an | SS acetate (2°5 g) added. k e(04e) u 
(10 cc) wa ine ton duf&i ine OF al u ind nei 
another | Acetic ac wa ved unde educed pressure and saturated Sup) 
water (150 cc) ed he ned hiterecd, wasned in wate ind dried (in vacuo) 
It was f c ‘ / ethy e-p ole ethe uxture and then from alcohol yielding 
Circ ted with wat olvent at 30° gave Rf 0-80, 
D Ri These propertic d colour reaction, 
those of 1 ‘ } ct al Acety on (acetic anhydride, pyridine) gave ¢ less 
necdics of ct p. 186-2 xed m.p wit n authentic 
undepress pect the above product and an authentic sample of 
8-3. 86. 9-2 ) 10 10 10-7(w), Ll-4¢w), 12:2, 
Fra n D ak ura nal unetin). The extract was ac th HC! and 
was dried efluy cm and the solution fit and concent 
On cooling it deposited a ess crystalline solid which on recrystall: 
R.R G. M.R B n. J. 27, 20 133 
Vv. BOM rR.S P Sci. 41A, 220 (1 
N. N / Sci. OA, 274 (1949) 
"AG x P | R.S ys Ind tr. 128, 12 1953 = 
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colourless prismatic needles (2-0 g) m.p. 151-52°. The product agreed in all its properties and colour 


reaction with sakuranetin. Its acetate prepared by the procedure of Narasimhachari et al.’ gave 


small colourless prisms, m.p. 98-99". 
The benzene insoluble portion gave on crystallisation from alcohol pale yellow needles (1 g) 
236-38°, undepressed by prunetin and acetylation yielded colourless needles, m.p. 222-24 


m.p 
undepressed by prunetinacetate 
R. N. 
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Dethi University 


The preparation of nitroanthraquinones by the peracetic acid oxidation 
of aminoanthraquinones 


(Received 10 October 1958) 


SoME time ago, in connection with other work, the need arose for quantities of 1-chloro-2-nitro- 


anthraquinone. This compound had been prepared previously in 36 per cent crude yield' from 
2-amino-1-chioroanthraquinone via the diazonium sulfate, and in unspecified yield* by persulfuric 
acid oxidation of the amine. However, we were induced to consider the use of peracetic acid for 


this oxidation by a report® of the simple conversion, in this manner, of 1 :2-diaminoanthraquinone 


into l-amino-2-nitroanthraquinone 
The reaction proved to be so convenient and efficient that the preparation of other nitroanthra- 
Nine amino-anthraquinones were thus converted into their nitro homologs 


quinones was examined 
in yields ranging from 35 82 per cent. The best yields (61-82 per cent) were encountered in the 
oxidation of simple aminohaloanthraquinones. The presence of negative groups adjacent to the 
amino group appears beneficial, since 2:6-diamino-1 :5-dichloroanthraquinone and 1 :4-diamino- 


2:3-dichloroanthraquinone were successfully oxidized, while the corresponding unchlorinated 
diamines gave only mixtures of unidentified p1 
1-amino-4-chloroanthraquinone to be oxidized only to the nitroso homolog 


OQGUCI 


Kopetschni reported 


by the action of perst lfuric acid. Peracetic acid oxidation, however, readily produced 1-chloro-4- 


nitro-anthraquinone. Oxidation of | thraquinone produced, as some I- 
amino-2-nitroanthraquinone provided mixture was heated only briefh Continued 
heating, however, gave mixtures of unidentified products, in which, to judge from the vellow color, 
the l-amino group was no longer present 


The reaction of 1:4-diamino-2 :3-dichloroanthraquinone was unique 


groups suffered oxidation. Heating the product with fresh peracetic acid produced no further 


in that only one of the amino 


oxidation. On the other hand, the introduction of two nitro grou ito the same ring appears to 
< 
be no obstacle, since 3-dinitroanthraquinone was obtained from anthraquinone 
| 
Recently, Emmons described* his careful work the peracetic acid dation 


ase of weakly 


of simple 


amines to nitro homologs, and indicated that infer results v ? uned in the ¢ 
basic or negatively amines. Our results appear mation (as 
amines of the anthra juinone series are very weakly basic), and are more in agreemen th the results 
obtained® by using peroxytt fluoro-acetic acid as the xidant It is Poss! le that the use of the latter 
reagent would give superior yields in the oxidation of aminoanthraquinones, but this was not investi- 


gated 


EXPERIMENTAI 


General procedure. ommercial 40°, peracetic acid and a product of similar strength prepared 
by admixture of 30°, hydrogen peroxide, acetic anhydride and acetic acid, were used interchangeably. 
2129 (1951) 


'W. Bradl id J. Chem. Soc. 212 
E. Kopetschn 363.930: Frdl. 14, 850 (1926) 

I. G. Farbenindust 4. G., P.B. Report No 341. frames 14040-2 
*W. D. Emmons, J. Amer bem. Soc. 79. 
/>W. D. Emmons. J. Amer. Chem. S 
All melting points were take nt apparatus and Anschéte 


thermometers 
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The amines employed were purified samples of commerically available vat dye intermediates. The 
aminoanthraquinone was mixed with the peracetic acid (20 ml/g amine) and the mixture was heated to 
the boiling point for }-4 hr. When larger (> 10 g) quantities of amine were used, the peracetic acid 


was diluted with an equal volume of glacial acetic acid to moderate the reaction. The cooled solution 
was drowned, and the nitroanthraquinone was filtered and crystallized. The products are listed in 
Table 1, and the yields are those of the purified products 
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pre ii it comp ve Carricda t some time ago as an q 
ae alternative to benzylisot nium hydro ¢ e characterisatio f carboxylic acids. It ; 
i. was t *ht that the associating properties of the ber e ring systet ht lead to carboxylic 
arc | tf | | nts t! A ‘ | De! if vs if il tf a tlerence in 
melting point between neighbd« nbe f hon US Seric *ht be increased. A few salts 
it ec 
of the more leg ylic cids prepared by etathesis from the hydrochk le thev 
showed olubility eristics al p hic e compared in Table |. Basifica- 
od es mn 1R¢ hably t esp line d xide (Found 
15-9, calc. for C,,H,,O,N,S N, 15°65°,). Hughe nd | ey € s 182 
i) Snail the correspond ercaptar elted at 158 Thus, the only ntage that be « ed over 
the use of the well ¢ ed benzy yuror hydroc vas the free f the nauseat- 
ing of irequent sociated W nad so the inves was not 
continued The fa t the elting points of ber 1 2-ber iZoly et ( nium 
salts ire the ‘ ’ ne TY tne cw t tne | ( tT to . 
ber ‘ ble fro system containing a 
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igures in parentheses indicates m.p.s of corresponding benzy gs.* 
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The polymerisation of epoxides by metal halide catalysts 
(Received 18 October 1958) 
At the Nottingham Conference on High Polymers (July, 1958) Professor G. Gee and his 
colleag res* adv ced a mec sm for tne p cris or yf propylene oxide in the presence of 
ferric chloride which inc ed both (a) a cationic echanisi ising carbonium ions terminally, 
and in a distinct second stage (b) a complex formatio migration mechanism 
(a) CH CHMe >Ci.Fe -O—CH,-CHMe 
which nCH CHMe 
oO 
| 
with termination by formation of Cl,Fe(O-CH,°CHMe),-O-CH,-CHMeCl 
4 second similar process affords ClFe(OR 
where R (O-CH,CHMe),Cl 
and R R or is (O-CH,CHMe), , , Cl 
(b) CiFe(ORWOR’) Ci OR Cl 
Oo Fe Fe 
CHMe 
CH CHMe R’O O RO O OR 
H 
CH, CHMe 
As the product remains of the form CiFe(OR), the process can be continued with formation of a 
high po c 
TI ter idea anx $s to insertion of the px ¢ mit between the metal atom and the 
first oxygen ato f It f a Professor C. E. H. Bawn’'s view® of the 
fo of p ene cl ws tre oalkane ind trivalent 
bo prese ers Concey of the formation of polyethylene using 
Ziegler It seems nnecessary pos ite a different t pe of is mn 
(a); the vic process of (b) iy be used | the be ing and throughout the 
sequence of reactio The ass | st ber de ti ve Migratory aptitude of —OR is superior 
to of —Cl ar Iso t er decreases in the series Cl,Fe, Cl. Fe, ClFe his is in complete 
agreement w Ba s conclusion that all the products from BF, and »CH,N, are F,B(CH,), I 
The st product is then Cl,FeO-CH,CHMeCl this 1s pidily changed by further union 
with C,H,.O and OR migration to Cl,Fe(OCH,-CHMe),C! (where x is a small number). At this 


Stage the slower Cl from C1l.Fe attacks the con plexing unit 


and we get 


Cl.Fe(OCH,CHMe).C! 


OCH,.CH Me Cl 


There can be li but that when the met 


ao ul il carries f 
will be drastically reduced: transition from Fe-O- to —-O—Fe 
the shorter chain could include more than one -—O-C, unit 
produce the steric hindrance contemplated. Probably only 
may be anticipated, therefore, that the two chains produced | 
tion will not be even approximately equal in length 


t Techr Pre re e.g. R. O. Colclough, E. Gee, W. ¢ 

P Octobe 1958) 

* Communication to the Nottingham Conference on H Polyr 
* R. Robinson, The Chen dige May Sth (1956): lecture to jo 
and the Society of Chemical Industry, Turin, Nov (1957). (Ir 


1ains the rate of complex formation 


© could have a similar effect. Naturally 
in fact just as many as are needed to 
one group, as above, would suffice. It 


n the first rapid phase of the polymerisa- 
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nce is mainly that he sees 
um 10 as intermediates in reactions The 
processes so illustrated in terms of current ma I 


no necessity for the assumption ol fully developed carbor 


eloped ca 
considered as concerted and the 


POSSIDIC 


De 


cationic charge can be dissipated before it 
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The reductive coupling of triphenyichlorosilane: evidence for the 
triphenylsily! Grignard reagent” 


(Re 


products 


ediate. This 


0-10 mole of 


was 


or each 


The Ph,SiMgBr, vou ith as 
additional molecule of chlorosi! I formed as 


moiecuie 
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We wish to report ction it C C f he coupling of two molecules of a 
cl ne by ent ci_< L The nature of the reaction EE 
When 0-05 ed { th 
produced in 67 per cc One ene al <ane are produced 
I e reac I nce no ais ne is obtained 
I liate y be involved Indeed 
R.SiM (M Na, K, Li) will 
R.SiM f t¢ enc nf ) the ranosily! 
Me,Si ex i ite 
Ph,Sit Me.Si( ( Ph SiSiM m.p. 106-108 
Ph.SiMeX Me.SiC Apparently 
Grignard reagent st as 
Wes es ‘ 
eagent. Ph,Si mesiu erg cente eaction, with the 
, formation of Ph,SiMgB hexene, and H¢ 
Pr 
a * This researcl pn ed by the | : Force Office of Scientific 
Research of the Air R C 1 Develo ( ler Co t No. AF 49(638)-28 Repro- 
duction in whole or part 1 s Governme 
R.A R. G. Severson, J. A Ch 5 73, 1424 (195 
A.G Giln J. Amer. Chem. S 76, 278 (1954 
H.G ». Lichter ter, J. Amer. Chem. Soc. 7H) 
‘HG . Wu. J. Amer. Chem. Soc. 73, 4031 (1951) 
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accounting for the formation of cyclohexane. This mechanism is 


of cyvclohexyimagnesium bromide 
} lat reduction of Ph,SiCl to Ph,SiH is not a 


consistent with ad ll 
t a polar, rather than a free 


part of the coupiin il 
n id uses of the coupling reaction are in 
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Asymmetric annellation effects 


Department of Chemistr\ 
es University of Wisconsin 
R "8 Octoh 1OSR) 
forming triphenyiene Il lil respect cs Hlerent spectral shifts 
X19 >» 2570 > A 
49-65 > 50-70 > \ 
nar pout 
The \) A, the ter being a 
nfluence of t lat 2237 A cl most 
ot ene hich is at 2210A f 
benzer B it denzen ng to a naphthalene 
bit 
It pp ect n B is Prete ence 
yinme b theory. It is also a new manifes 
tatio ft SO ( Since m omat extet is formed 
t ed eac erent benzer as marked by the circles) ca 
transfer tw to t yenzenoid (B 
This etric anne eflect f be observed in higher tetrabenzacenes, dibenzacenes 
in the pe cree « 
CLAR 
Aemuisiry dD rrment 
P. Lambe 1R.H. M B Ch B 61, 124 (1952 
E. Clar, A he K ‘ f ». 26. Sy r-Ver 195? 
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Perylene-3 :9-quinone 


(Received 3 November 1958) 


THe chemistry of extended quinones has been little studied owing possibly to the difficulty of their 


preparation in quantity. Todd and co-worker erylene-3 :10-quinone 
and 4:9-dihydroxyperylene-3 :10-quinone of aphid pigments; 


the properties of perylen 9-quinone, (I LV nined an ar 


1alog 


ous mannel 
Perylene-3 :9 odine in 
pyridine of 3:9 being 
per cent Oxida irboxylic 
acid* identified as vlene-3 :9- 
quinor 


to give 
th alkali a 


tetracety! 


relat 

tituents 
by the 


if 
al 


ynds under 


EXPERIMENT 
Since severa tne described 
and 
Perylene-3 :9-quinon )-Diketo-! 
in pyridine (? ind ti 
(0-5 g in 10 cc), gay 
The quinone was p 


to a small bulk (5 quinone 


B. R. Bro 


Postovsk and igina ( Z 5 
4. W. Johnson, J. R. Quayle, T. S. Robinson, N. Sheppard and A. R Todd, J 
® R.A. Durie and J. S. Shannon, J. Austr. Chem. S 
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4 
4 
dihydroxy derivative is probably formed but this could or b olated a s dihydroiiiizz”! 
derivative. This disubstitution with nucleophilic reagents contrast e monosubstitution of 
perylene-3 :10-quinone ere Steric factors prohibit the attack OF a sec Ostituent 
[ee Quinone additior st occur on the 1:2 ar 8 double bonds because of theirs 
stabilisation in the molecul na assuming norma | n pe ene iU-<¢ me tne su 
a ee must be orientated at p yns | and 7, (1, R NC,Hyjo, NC,H,,). This is borne ou 
infra-red data, thus pe er -9-quinone ts carbony Dsorptic t 1664 cn ndicating less 
effective conjugation than er extended ¢ I es I tno its derivatives jul. 
1620 lowering due to the cl red electron distribution e carbonyl bom 
} the al ‘ nelling ning or ns t land 7 
the intiuence the ciectr epe a ( Ips 
: 
Pervlene one Sa Dalny POMC ! > ent irom 
chloroform to sulp ac elec cf Il etc.) 
t t} © ic winch ved 
following protonation of the carbor yroup I pectra of the dia erivative inchanged 
hit chifts line ft 
‘ on similar treatment, the electron attracting NH ups he ne i eading to 
Structures such as i] ind so thereiore p mat of the ¢ ponyi ere ns 
m.p., identifica s based upon analysis 
neryi olu ty rming 
ope yvienet 2) was iSS¢ yeu 
1 COM § aine pyridine 
0-9 g) which was filtered off after an hour 
in a soxhlet apparatus. evaporation 
and A. R. 1 Soc 128 
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separated in fine black needles showing a violet refl Material dried at 120 /0-05 mm 
for 20 hr (Found: C, 84-8, H, al H, 36°). Pervlene-3 9-quinone 
ons, in conc H,SO, the solution 

t. Light absorption in CHC] 
4:78 respectively; min at 
4-53 


1212, 1271, 1306, 


lid (150 mg) 


conc H,SO, was 


h acetic anhydride (50 cc) 


VUrOAY -qui 


agg 
- 
= 
Ae 
and 4°68 respectively min at 279, 345-346, 485, and 596n log 4:3 3-62, 4 1-3 
“oe espectively. The infra-red spect K Br disk) showed max at 1098, 1149, 1193, ZZ Pete 
ag 1354, 1395, 1455, 1545, 1597, 1664, and 2902 « ae 
F 3 -9- Dia } Pe ene-3 one (2S sodium acetate (30 mg), zinc dust (750 mg) oe 
ind acetic anhy de (25 cc) 5 The s st ot and the 
STH . . ed ‘ na hit ile OF cooing fave 
solvent p. 272-273 ( H, 42: re es: C, 78-2: H, 44%). The 
n x at 253, 396, 411 1-40, 4:16, 4-45 4-52 respectively; min at 
318, 399, and 3-92. 4-12 respectively. The infra-red spectrum (KBr disk) 
1:7 lere ene-3:9 none (200 mg) was 
nethan p. >350°. -3, 77-4, H, 67, 64, N, 53; Cale. for C,,H,,0,N,.H,O: 
77-7. H. 69. N. Afte 10) 0s 74 nd: C. 80-4. H.6°5: Calc 
for C,.H,.O,N C, 80 H, ¢ I rs CH¢ x at 296, 455, and 481 n ae 
og 4°92, 4-46, ar 1-50 respective +32 d 4°45 respectively 
nfle 430-435 472-474 4-39 +48. 1 cone H,SO, ix 
>S¢ 4-9¢ +34. Ini ed spec K Br disk) 
s! CA ix at 762, 821, 8 SSE } 4 >? 1030, 1102 146, 1182, 1234, 1250, 1341, 1360 
1400. 1510. 158% SOR. 1672. 28? 
| D ; P ene-3°:9 on ™ is heated for 6 hr at 90 
1-6, H, 64, N Cale. for ( H. 6-8, N, 5°67°.). Material dried 
t 120 03 | H. 63. N. 62: ( H..O WN, re es: C, 80-4, H, 6-2 
N, 62 I sorp nCH¢ 
x > 104. 48) 1-90. 4-48, 4-46, 4-5 4:50 respectively { 
79 305 47° 446 4-44. 4-44 ry n conc H.SO max 
+ 1-66. 4-48 1-48 respective t 392 and 4821 og 4:35 
nd 4-45. Inf SPCc KB k . 805, 842 24, 1061, 1106, 1131, 1151, 1225 
1:3 \ ely powde perylene-3 :9-quinone (600 mg) 
n dioxan (200 cc) « side (200 cc 10 s refluxed f 1? } vhen the ‘ 
was eC | filte educed to $0 cc bulk on a rotary evaporator 
7. with wate The ed by bx SO per cent s ethanol, filtered and 
wit I x) sep ed as a Diach norp iS but 
: was not enable to recrys sation because of its insolubility. Its solution in EE 
violet in ul 
The crude (150 mg) was boiled under reflux wi 
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sodium acetate (25 mg) and zinc dust (750 mg) for 4 hr and the filtered solution poured into sodium 


acetate solution (2 N). After 1 hr the latter solution was extracted with chloroform (2 50 cc) and 
the chloroform extracts washed with sodium bicarbonate soluti and water. Evaporation of the 
solvent gave a brown gum which was d lved it nzer and absorbed on a column of 
precipitated ind eluted V further benzene 


silica (12 
tallised from acetic 
8. H, 4-4: Cale. for 


21. and 450 mu: loge 415, 


(350 cc). Evaporation 
anhydrice 
C,.H,,O 


4°40, and 
HASLAM 


'G. A. Russe 


York shire 
Pe Electron transference in the attack of atoms or radicals upon carbon-hydrogen bonds 
Pror. J. KENNER § recently scussed reac I vherein ydrogen dDonds are 
tys De orn ep th transference being the dominant 
R—H + X >RH X H—X 
TRANSITION STATI 
R-H x R:H ©? X > R H—X : 
In te f complete elec nsferenc fi to sec the relative react es ol F 
¥—C}i—CH > Y—C,.H.—CH HX 
eactions of at al ele ( Br-) « yw electron 
cnt ne gd bro ne to luced ents) ereas I polal 
effect has been detected eac I te esonance 
stadilizatior i the tral state these facts ea ¢ nee e cor sution ol 
structure II should be most a t when X- has the est clec affinity 
J. Kenner, Tetrahedron 3, 78 (1958 
G. A. Russell, J. Amer. ¢ Soc. 78, 1047 (1956); F. R. Mayo and C. W Chem. Rev. 46, 191 
(1950); C. W E. A. Mel i? ( Soc. 73, 2927 (195 
E.¢ Koovma R.\ Hi F. Rick S6B. 75 153): 
R. van Helde E. C. K Rec. 7 CI 73, 269 (1954); C. Walling and B. Miller, 
3 J. Amer. Chem. S 79, 4181 (1957 
||) and H. C. Bro J. Amer. Chem. Soc. 77, 4578 (1955) 
q 


ni s of it tor als ) 
bonds. 1 For example ethy 
CH CH,),CHCO.H > CH CH,),COCO.H 
( CH, CHCO.H > HK CH .CH(CHJCO.H 
f 
( R 
D 
/ 
i” j 
M Ber. 34, 4 M.S. k 62, 92 
H. 
( \. 23 
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FOREWORD 


FOR some years it has been the policy of the Chemistry Department of Indiana 
University to hold occasional conferences on timely subjects in specialized fields of 
chemistry. It is hoped that these meetings of specialists from diverse parts of the 
United States and abroad render a service to the advancement of science. The first 
such conference, in 1951, was on “Organic Sulfur Chemistry”. Its success prompted 
the organization of a second conference held in 1954 on “Coordination Compounds”. 
It is perhaps symptomatic of the trends in modern science that the subject of the most 


ynference, ““Hyperconjugation”’, represents probably an even narrower field 


recent ¢ 
of specialization than those of the first two 

rhe possibility of C-H electron delocalization as a means of explaining the effects 
of certain alkyl substituents on reaction rates was first suggested by J. W. Baker and 
W.S. Nathan in 1935. In 1941 R. S. Mulliken, C. A. Rieke and W. G. Brown pub- 
lished a quantum theoretical consideration of C-H electron delocalization with par- 
ticular reference to ground state and spectroscopically excited states and introduced 


the term “hyperconjugation” to refer to this effect. The term met with quick general 


acceptance and has since been used, perhaps rather loosely with at least in some cases 
an implied meaning which was not envisaged by these authors. Many results from 
spectroscopic, thermochemical, molecular dimensional and reaction kinetic observa- 
tions have been presented the literature and terpreted with reference to hyper- 
conjugation. A certain degree of self-consistency has been achieved in the interpreta- 
tion of data in each of the different fields. However, the development of a unified 
picture of hyperconjugatior is been plagued by apparent mutual inconsistencies in 
the ideas derived from the several different are: As an example of this, the so-called 


“Baker—Nathan Order” of electron-releasing effects of alkyl groups (Me > Et > Pt 


Bu‘) in reaction kinetic and equilibrium data has been considered to be indicative of 
important hyperconjugative interaction between the group and an electron-deficient 
center. But such orders are generally not characteristic of spectroscopic, thermochemi- 


cal or molecular dimensional data where hyperconjugation has nevertheless been 


thought to be importa Ihis introduces the problem of C-C electron delocalization 
or C-C hyperconjugation which has been suggested by several authors but never 
examined from a quantum theoretical view. These and other problems combined with 
the diverse nature of the evidences pertaining to hyperconjugation seemed to make the 


topic an ideal one for the type of conference which we at Indiana University like to 


sponsor 

Ihe Conference on Hyperconjugation was held at Indiana University 24 June. 
23 states other 


1958. The total registration was 117, including 61 participants from 
than Indiana and 3 from the United Kingdom 

Ihe conference heard the sixteen scheduled major papers as well as the results of 
several important investigations presented by participants from the floor during 
discussion sessions. The discussions were lively and, as befits a growing vital science, 


at times controversial. Considerable discussion evolved around Professor Dewar’s idea 
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that conjugation as well as hyperconjugation is unimportant in “classical” molecules 
such as butadiene or propene. Other high points in the discussions centered on the 
appropriateness of linear free energy equations in treating hyperconjugation, the use- 
fulness of various theoretical models in hyperconjugation calculations, the roles of 
carbon-carbon vs. carbon-hydrogen hyperconjugation, conformation influences on 
hyperconjugation and the rather small but persistent Baker—Nathan orders observed 


in reactivity studies. A number of participants seriously questioned the existence of 


important hyperconjugation effects and offered alternative explanations of some of the 


relevant data. It seemed agreed that the Baker—Nathan order usually involves very 
small effects and may well have an origin different from that which accounts for the 
much larger discrepancy between the electron-releasing abilities of hydrogen and the 
alkyl groups 
The Indiana University Foundation and the Department of Chemistry who or- 
ganized the Conference gratefully acknowledge the generous financial support of the 
National Science Foundation, the American Cyanamid Co., the Eli Lilly Co., the 
Humble Oil fining the Monsanto Chemical Co., the Shell Development 
Co. and the Standard Oil Co. of Indiana » are also grateful to the editors and 
publisher of Jetrahed ublication the nference 
would like to express our ind ness to tl € papers presented at the 
conference and published in this volume for nerously and unselfishly contributing 
Any success 


| 
= 
— 
# 
which was achieved is in the last analysis due to their efforts and imaginatien a 
V. J. Suiner, Jr 
| ( AMPAIGNI 
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AN ASSESSMENT OF 
SOME EXPERIMENTAL APPROACHES TO NH AND OH 
HY PERCONJUGATION 


P. B. D. DE LA MARI 


William Ramsay and Ralph Forster Laboratories, University College, London W.C.1 


It is well known that the first experimental indications which were interpreted as 


showing that alkyl groups could release electrons conjugatively to attached unsaturated 
Systems were those discussed by Baker and Nathan,! and depended on the observation 
that, whereas inductive electron release should be in the order Me < Et Pr Bu‘, 
the order of electron release observed in suitable cases involved reversals towards 
the order Me > Et > Pi Bu‘. Many clear-cut examples are now established, and 
this aspect of the subject does not need further elaboration here 


Evidence for ¢ H hype rconjugation in electrophilic aromatt substitution 

Aromatic substitutions are classically those reactions from which the theories of 
electronic displacements have been most extensively documented. Hyperconjugation 
would be expected to show up in such substitutions, since they are considerably facili- 
tated by electron release, particularly of a conjugative character. Nitration seems to 
be an exception here; the inductive order has been observed for para substitution.? 
But since it was shown that in molecular bromination the methyl group is superior to 
the fert.-butyl group in promoting reactivity,*: 4° a number of similar examples have 
been substantiated in full experimental detail. Some of these will be discussed below. 
A case in which we have been interested is the bromination, by positive brominating 


agents, of alkylbenz The following results were obtained :* 


The results illustrate confirmation that the inductive effect dominates the reactivity 


sequence at the meta position, as has been illustrated by other workers also.’ 


' J. W. Baker and W. S. Nathan, J. Chem. Soc. 1844 (1935) 

* H. Cohn, E. D. Hughes, M. H. Jones and M. Peeling, Nature. Lond. 169. 291 (1952) 

’ P. B. D. de la Mare and P. W. Robertson, /. Chem. Soc. 279 (1943) 

* P. W. Robertson, P. B. D. de la Mare and B. E. Swedlund, J. Chem. Soc. 782 (1953) 

’ E. Berliner and F. J. Bondhus, J. Amer. Chem. Soc. 68, 2355 (1946); E. Berliner and F. Berliner, 
Ibid. 71, 1195 (1949) 

* P. B. D. de la Mare and J. T. Harvey, J. Chem. Soc. 36 (1956): Ibid. 131 (1957) 

* E. Berliner, F. Berliner and I. Nelidow, /. Amer. Chem. Soc. 76, 507 (1954): E. Berliner and F. 
Berliner, /hid. 76, 6179 (1954). 
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Two further examples are given; they involve chlorinations in acetic acid. The first 
was studied in part by us, but in full experimental detail by Brown and his co- 
workers.* For the partial rate factors given below we have used his isomeric propor- 
tions and our value® for the relative reactivities 


The second has been examined only in part; it is the comparison ol the relative rates 


of chlorination in acetic ac l luo e and 9 9-dimethylfluorene 


Since fluorene known to give almost sively the 2- and . -cl 


hloro derivatives 


the sequence is established for 2-substitution a being in the hyperconjugation order; 
in this example onal description involves an extended 
conjugated systen ne illustrated in formula (1 


H bond should be better capable of 


conjugative electron rel an tl bond. There seems to be nothing, how- 


evel ) hypercor jugation ndicate that C—C hyperconjugation 


could be comple njugation has been considered 


theoretically by were probably the first 


writers to apply to a spec mical exam ie theory that the /ert.-butyl group 


has an accelerating power determined considerably | hyperconjugation. It 


* H.C. Brown and L. M. St {ener hen 79 5175 
*P. de la ire sand M 

Buffle, H 1483 (1937? 

1! Berliner and 


and personal communication 
em. & Ind. 1086 (1958) 


= 
3 
= 
‘ 
: 
4 
Me 
x 
nole k 4 
aq Ch 
4 (1948) 
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was held that the reactivity of fert.-butylbenzene in molecular bromination was too 
great, and too like that of toluene, for inductive effects to be the only factor deter- 
mining reactivity para to the fert.-butyl group 

Although this view is still, in the writer’s assessment, a matter of opinion, it is 
certainly not contradicted, and might perhaps be held to receive some support, from 
later experimental developments in this field. These illustrate the way in which alkyl 
groups promote para as compared with meta substitution, when reagents of different 


charge types are used. Partial rate factors for nitration? by NO,*, for bromination® 


by Br* and for chlorination® by Cl, are given in Table 1, and are plotted in Fig. 1 to 
show the relationship: 


log, of const. log; of, (1) 


Fic. |. Partial rate factors for 


TABLE |. PARTIAL RATE FACTORS FOR SUBSTITUTION IN ALKYLBENZENES 


Compound Reagent 


roluene NO 
Br* (or BrOH,*) 
Cl, 


tert.-Butylbenzene NO 
Br* (or BrOH,*) 
Cl, 


If the methyl group promoted reactivity considerably by a conjugative effect, but the 
tert.-butyl group only by an inductive effect, it might be expected, when reagents differ- 
ing in charge type and electronic requirements were used (e.g., Cl,, Br*), that different 


— 
Jer 
cs 
lA 
Hes. for substitution in: A. tert.-butylbenzene: B, toluene 
logiof 
2:5 0-40 59 1-77 
| 5.) 0-70 820 2°91 
4-0 0-60 75 1-38 
2-6 0-42 38 °5 1-59 
6-9 0-84 503 2-70 
q 
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patterns would be obtained with the two substituents 


LA Mari 


In fact, both groups show in 


plots of equation (1) a reasonably good linear relationship 


A view essentially similar to that propounded by Berliner and Bondhus has re- 


cently been advocated by 


Brown and his co-workers™ in regard to the relative 


rates of hydrolysis of the para-alkyl-substituted phenyldimethylcarbinyl chlorides 


It is suggested that the inductive effect should be transmitted to the para-position no 


more strongly than to the nearer 
of 


nature 


tion 


1 of the 


he CH, | 


nature of the group R 


ncrease the 


whic! d 
power of the group 
fact that groups suc! 
they decrease, Or 
O-H hyper 
It | 


many el 


onjugation 


as iong been recognised 


in 


ectrophilic subst 


diazo coupling) which proceed in a 


reactive pl CT oxide on ni not 


is 


phenol molecule, for example, is more 


Such 1s act, the case 


ini 


phenomenon was only 


is brominated by molecular brom 


than 


acid to t! 


thet ¢ 
Cc. and 


an 


sol 
at 

workers in more 

technique, it resembles precise thi 1 

region of conce!l 

Br No! 

HBr produced ! 


1odine-catal 


Bromination 


the 
ysed brom 


has 


rate-scequcnce 
series of subst tuted 
promoted much more powerfully 


shown in the following values 


W 
D> 


by J 


Baker 
B 


P inet 


mela Pos 


-butyi 


nference, J 
rroups 


that phenols are 


time, the net orm ine 


as the kineti 


and hence that the considerable activa- 


ol 


on 


group must be largely a conjugative 


W. Baker* deals in detail with 
if the type CH,R 1s affected by the 

at electron-withdrawing groups 
the hyperconjugative 


perhaps, in the 
though 


recting 


aromatic nucicus 


“active than their alkyl ethers 


umber of these reactions (c.g 


clearly invol 


ve the still much more 


recognised that the neutral 


ecome 


iSOle 


investigation to establish this 


established the key point, that 


acid about ninety times more 


Cc in ace 


depressed by the addition of 


action is not 


bromination of phenol has been examined 


mits imposed by the experimental 


sole. The rate-comparison applies to the 


d Br ArH} 


specific to phenol, resulting from the 


form dt A 


nce pl enol anisole holds also lor 


aromatic displacement for which the same 
1 the proto—desilylation of a 


is established that the reaction ts 


by the methoxyl group, as 1s 


404 (1 


49 44 11956) 


Webster, /hid. 4449 (1957) 


Structural effects on H hyperconjugation 
‘sate In another paper presented at this Ci 
a the evidence that hyperconjugation fron 
ty of ydrogen a 
\ qualitative indication of 
CH,CO,Et and CH,CI, are st 

entiy ncrease,. the reactivity oO 

however. The first kincti: 
of preliminary nature,* but it 
sulphuric tion medium 
| 
ation in aprotic solvent 
is not the only clectrophilk 
by the hydroxy! than 

page 135 of this volume 
Lae. eae wn, J M. Gray 1 W. H. Bonner, J. Amer. Chem. Soc. 79, 1897 (1957) 
W. Baker. J. A. L. Brieux and D. G.S fers. J. Chem. 
‘C.K. Ingold and F. R. 1. Chem. Soc. $75 (1949 | 

M. Yeddar and N.S. ig Chen Soc 
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REACTION OF p-R-C,H,-SiMe, witH H 


R p-N Me, p-OH p-OMe p Me p-Bu 
Relative rate ca.3 10 10.700 1510 21:1 15-6 


The kinetic forms for proto-desilylation are such that the acid catalysis of the 
reaction is the same for both the hydroxyl and methoxyl substituents. a result which 
confirms that the reaction of the former compound involves the activation by the OH, 

her than by the O~-. substituent 

\ similar result has been established for deuterium exchange,'’ though here only 
ortho substitution has been investigated. Estimates of the relative electron-releasing 
power of hyd | and methoxy! groups Nave al been made by Deno and his co- 
workers** from data on equi'ibria of the OH H Ar,( H,O 
These expressed term ‘ctrop! ubstitu int ire: OH 0-82: 
OMe 0-64. The hyd | of is. by tl ‘rion ; 1¢ more powerfully 


electron releasit 


and methoxyl groups 
jugative fac- 
tors. The most relial f the relative ve effects these groups seem 
to be those giver an at lation y are derived 
from the thermodynamic dissoci: n ns 1eta-subst d be ic acids, 
and in terms of Hammett’s are The meth- 
oxyl group is slightly | ‘le withdrawing than th roxyl group, just as the 
Values lor 
nn discussion 
mative power ol 
the OH grou 
to the OPh group would 
normal niuel > | 1 Su pl vig la has been 
extensi\ loci tc hioru on ‘the : anilide Bradfield. 
Jones ; -workers.*' hanges in reacti\ iormally follow the 
inductis 
activity, and duct 


following sequence 


RELATIVE RATES OF CHLORINATION OF AROMATIC ETHERS. ROAr. IN aceTn 


R Me 
Relative rate 4 100 


| 0-13 
Expected inductive effects 
p-MeC, Hy CH, Ph CH, p-Cl-C,H,-CH, p-NO,-C,H,-CH, 
6d +] 14 
D. P. N. Satchell, J. Chem. S (195% 
: "WNW. ns. ” 79 S804 (1957)°N. Deno and A. Schries 
*D. H. McD 1H. C. Brown, J. O Chem. 23. 420 (1958) 
AE. Bradfield and B. Jones. Trans. Faraday S 37. 796 (194) 
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Steric inhibition of resonance 
Neither an unexpected inductive sequence, nor an unexpected effect of inductive 
substituents on electron release from OR groups, seems to provide an explanation of 


meth 


the superiority in th droxvl over methoxy! 
We have therefore give nsideration to the possibility that there ts sufficient 


steric interaction betwee! ven atoms 


reduce substantially the case h which the activa group may indeed make a 


contributior obse rate difference are *n some new experi- 


mental data he rates o n Tere), n acet id at low concentr 


methyl-subst 1 phenols re nding data are also given tk 


substituted anisoles 


studied by Baddeley 


TABLE 2. RELATIVE R ri Ol LAR BR PHENOL. ANISOLE AND 


Compoul! 


Compound 


} } 
approach 


times more 


her factor 


substitt hould on this basis incre e reac ty by a furt 


relative second methyl group only 


168 


\. Vert 
2336 (1908): A. N. Meld: 


P. B. D. pe LA Mart 
to 
and his co-workers.” 
; Relat te hrom On ss) 
Relative rate of brominatio 0-39 
Al] these compot nd inder tor substant im the 4-position co 
we can consider that the given relative tes refer to substitution para to the activating 
grou] 
toward planarit so 2-methy ole reacts wit DbDromine adoul SiX 
rapid than anisole: and o-c! about trmes more rapidly than phenol This 
me factor of about five 1s very similar to that which repres nts the effect of a meta-methy!| 
| 
7 4 group in the bromination and chlorination of the methyibenzenes, and gives reasonabie 
* assurance that the principle that free energies of substitution are additive apples in the 
| 
= phenol series as in the anisole series | 
As nd methvl group. ortho to the activating group and meta to the position of 
Pix G. Baddeley, G. Holt, N. A. P. Smith and F. A. Whittaker, Nature, Lond. MB, 386 (1951); G 
a Baddeley, N. A. P. S iM. A. Vick L Soc. 2455 (1956) 
15 =T.2Z ke and A. Hedenstri inn. 350, 274 oh \. F. H n and |. J. Rinkes, 
a4 1764 (1951): K. Auwers and T. Markovits, Ber. Dtsch. Chem. Ges. 41, um : 
ee and M. S. Shah, J. Chem. Soc. 123, 1982 (1923) 
ies 
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slightly enhances the reactivity. So one can attribute to steric inhibition, by a 


H Me repulsion, of electromeric electron release, a reduction in rate by a factor of 


about four 
In anisole, the steric hindrance, additional to that in phenol, to attainment of 


planarity results also from a single H Me repulsion. It must, therefore, be ener- 


getically very similar in magnitude to that in 2:6-dimethylphenol. So a reduction in 


rate by a factor of about four might be assigned to this cause. In fact, the rate factor 


is about ninety. It seems very unlikely that the whole, or even a large part, of this 


difference arises because of deficiencies in our assumptions; and hence it is suggested 


that a large portion of this rate-factor of twenty-two is to be attributed to OH hyper- 


conjugation. 
It is clear, of course, that steric inhibition of conjugation plays a part in determin- 


ing these rate sequences. This is further confirmed by the small reactivity of 2:6- 


dimethylanisoles; the latter compound is about ninety times less reactive than would 


have been expected allowing for activation by two methyl groups meta to the position 


of substitution. Here the rate-reduction results from one Me Me repulsion, and 


it is to be noted that even this interaction only causes about as much rate reduction as 


results from the replacement of the phenolic hydrogen in phenol by a methyl group. 


We have deduced that a rate-reduction of about four may be attributed, in anisole, 


to steric inhibition of mesomerism. It is interesting to examine whether in a suitable 


cyclic ether the rate can be enhanced by holding the alkoxyl group in its best position 


for conjugation. Baddeley and his co-workers*' have provided evidence on this point 


by measuring the rate of reaction of coumaran. Relative reactivities of this and of 


analogous compounds*®:* are shown in Table 3 


1 REACTION OF COUMARAN AND ANALOGOUS COMPOUNDS 


TABLE 3. RATE 


Compound 


Relative 


reactivity” 


ited from data given by Bradfield 


If we regard ethyl o-cresyl ether as the correct standard of comparison, the ring 


— 
z-pnel vlet O- 


compound is more reactive by a factor of about six. If we regar« 


cresyl ether as a more satisfactory basis, the corresponding factor is about ten. 


Agreement with the small factor of four is sufficiently good to give us confidence that 


some reason other than steric inhibition of mesomerism must be sought for the great 


reactivity of phenol as compared with anisole. 
The stereochemistry of the OH group in phenol needs to be considered in relation 


Be 
Pr 
76 6-3 7-5 
> 
B idde le y 
Esti 
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to the possibility of OH hyperconjugation. It would seem to be generally considered 
that OH hyperconjugation requires that the hyperconjugating bond be out of the plane 
of the benzene ring. If OH hyperconjugation is important, therefore, the OH bond 
cannot be accurately in the plane of the ring in the transition state adopted for bromina- 
tion of phenol; and a substantial contribution to the rate comes by way of activation 


from conformations in which the OH bond, and therefore also the axes of the lone 


pairs of electrons, are out of the plane of the ring. This does not seem in our view to 
be improbable; positions which allow the OH bond to hyperconjugate also allow 
the lone pairs of electrons to conjugate, though imperfectly; but the position w hich 


forces the OH bond out of hyperconjugation also can be regarded as holding one of 
the lone pairs of electrons in an unsuitable geometrical position. It is to be noted also 
that the total activation of the nucleus by the hydroxyl group is represented by a rate 
factor of about 10": the contribution attributed to the OH hyperconjugation, a 
factor of about twenty, is only a very small part of this 

Evidence relating to NH hyperconjugation is of a similar nature. Partial rate 
factors for the chlorination of acetanilide and 2-methylacetanilide are now available,*° 


as shown. with that for N-methylacetanilide,™* in Table 4 


TABLE 4. PARTIAL RATE FACTORS FOR CHLORINATION, para TO THE NRAc GROUP, 


OF ANILIDES IN ACETIC ACID AT 


Compound 


Partial rate factor 


The bulky acetyl group ensures in this series that the introduction of a single 
methyl substituent in the ortho position has a secondary steric effect by introducing 
hindrance to adoption of a planar configuration. One such group reduces the reac- 
tivity by a factor of about twenty, when allowance is made for the expected activation 
of the position of substitution, para to the directing group and meta to the methyl 
group, by a factor of about five. In N-methylacetanilide, on the other hand, the steric 
impedance to coplanarity must be of magnitude similar to that in 2-methylacetanilide, 
but the reactivity is very considerably diminished; by a rate-factor of about 1000. So 
a diminution in rate by a factor of about forty has to be given some alternative explana- 
tion, and it is suggested that this is the result of NH hyperconjugation. It is suggested 
also that part of the reason why this factor seems to be rather larger than for phenol 
is because the adoption of a coplanar conformation is energetically more difficult 
in the anilide series, when such a conformation requires that the H and the COMe 
groups are coplanar; so there is relatively greater activation by the lone pair of elec- 
trons from such non-coplanar conformations, and hence a greater opportunity for 
NH hyperconjugation because the stereo-electronic requirements are more suitable 


P. B. D. de la Mare and M. Hassan, J. Chen «. 1519 (1958) 


A. E. Bradfield and B. Jones, J. Chem. 3 (1928) 
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The evidence relating to electron release from amino and methylamino groups 
seems to be less decisive. The Hammett o, values'® fall at least partly in the inductive 
order (NH,, —0-66; NHMe, —0°84; NMe,, —0-83). It is of interest ,however, that 
Berliner and Monack* have found, for the reaction of 4-substituted-2-nitrobromo- 
benzenes with piperidine, a notable reversal of the inductive order of electron release 
for the extremes of these groups. 

To summarise, therefore, the following conclusions are drawn: 

(a) There is good experimental evidence, both from measurements of equilibria 
and from reactivities, that the hydroxyl group releases electrons to a position con- 


jugated with it more effectively than does the methoxyl group. 


(b) There are indications that the corresponding phenomenon also occurs with 
the related nitrogen substituents. 

(c) Although part of this difference is attributable to steric inhibition of reson- 
ance, estimates of the quantitative magnitude of the latter contribution suggest 
that some other fact also contributes strongly to the difference. 

(d) It is not unreasonable to identify this factor with OH or NH hyperconjuga- 
tion. 


” EF. Berliner and L. C. Monack, J. Amer. Chem. Soc. 74, 1574 (1952). 
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SECONDARY HYDROGEN ISOTOPE EFFECT IN A 
GAS-PHASE EQUILIBRIUM* 


Peter Love. Ropert W. Tart, Jr. and THOMAS WARTIK 


i Stat 


College of Che 


THe following is a preliminary report of a study of the secondary isotope effect on a 


gas-phase equilibrium 
The substitution of 8 deuterium for hydrogen tions in 
a reduction in 


transition states possess considerable carbonium ton 
the reaction rate.’** Considerable e isotope effect Is asso- 
ciated with hyperconju 1-like transition states. 7 

Since the proposed relat bet 1 hyperconjug the secondary isotope 
effect has been investigat reaction ri 1, an important test of 
the scope OF ll t ry is proy ded by of the secondary isotope effect 
on the position of equil reaction 
In carrying out such an investigation ive ted as a model for a hyper- 


Lewis acid, B(CH,) n appr ite equilibrium is the Lewis 


conjugated 


acid—base reaction of the iss Investigated so exte! y | C. Brown and his 


students 


B(CH N(CH (1) 


on of B(CH,). 
15)s 

ved in 

ve secondary 

toms of B(CH by 


the reo tant 


— 
~ 
According to hvperconjugation theory,’ hyperconjugation sta 
is expected to be appreciably eater than that tor the additi 
B:N(CH,), since the open orbital on boron in the former cot 
bond formation wv nitrogen in the latter. Consequently, the t 
deute! expected to reduc perco tion preferentially in 
molecule of t b ca : ft the ec yrium (1) towards the addition 
compoun¢ | as constant tor the following reaction 
; 
(des ted as A A ( ad | 
B(CD.) (CH.).B: N(CH ~ BUCH (CD.).B: N(CH,) (2) 
i E. S. Le e 143 iV. J. Shiner. Jr.. else- 
75, 2 76 3 ‘4 
*Hi ; H. Miebd { | 
| by E. A.B F.C. N Academic Press, New York 
H Pro ( d \ \. ‘ 1. J. Chen 4 
Y TH j 23 $5): M. M. Kreevoy and H. Eyring 


Secondary hydrogen isotope effect in a gas-phase equlibrium 
Using a slightly modified procedure described by Brown ef a/.,*° we have 
determined the equilibrium constants for reaction (1) over the temperature interval 


65-95° with both B(CH,), and B(CD,),, the sample of the latter compound containing 
The values obtained for the former compound 


no more than one per cent hydrogen. 
are in satisfactory agreement with those reported by Brown et a/.° and those obtained 
with the latter compound give Ap/Ku 1-25 + 0-03 

These results are thus in accord with the prediction of the hyperconjugation theory 


of the secondary isotope effect. Whatever the cause of the favorable formation of the 


addition compound, (C D.).B ),, the effect 


heat } 
apparent in the above value of Kp/ Ku 


The mass effe 


tional entropy change to the equilibrium constant of 
» 1 


mn 
npounad 


ry 
iS actualy iarger than IS 
Mt contribution of the transia- 
ee That is, the mass effect on the translational entropy favors the /ight add —  _is 
es by 11 per cent. It 1s probable that the mass effect on the rotational entropy change also 
: favors the ght add me pound, thoug \ t aS large a fact The posed 
greater inductive electron-reieasing adility of Geuterium ydroge sig cant, 
| would also tavor the ‘ ada pound US ere Sa 
: favoring the /ea iddition compound 0D it least 50 per cent Il e equ orium 
constant (o! Z2UU cal n SF) We ype LO De adie to ese elects 
a. upon completion of an examination of the spectra of the compounds lved i 
i 
H.C. B H.B M.D.1 Soc. 66, 435 (1944 
H ] + ( \ LD. Tiers 79 
oF 
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BOND LENGTHS AND HYPERCONJUGATION 


SUTTON 


Laboratory. Oxtord 


AMONG the data first cited as supporting the concept of hyperconjugation were the 
n 1939. Nineteen years have 


observations on bond lengths reported 
vides 


elapsed, so it 1s usel 


According to sta! 


y occurs We should expect 


bond, a double bond 


a tripie 


svsiem s| ould he s! orter 


yan anomaly 


tandard itself: 


W ¢ 


id de Stroy ed 


an unsaturated 


bond jorning 


noweve:r, it 


supp sed 

ne sysiem 


inomalies 


ould diminish it, 


ght itself show anoma- 


lous lengths and bond angles as a result of nypercor jugaALION 


a long time, and many investigations 


These points have been clearly realised for 
are collected in 


have been made to test them. The more obviously relevant results 


finn 


It is not clear what one looks for in the saturated compounds 


Tables | to 6 and are discussed se 
If theoretical esti- 


different compounds, the lengths 


bond order could be made for the 


mates of C—( 
The most immediate conclusion 


might be compared on this basis however, is that the 
distances are all the same to within 0-005 A save in CF ,—-CHs, in which it is shortened by 


about 0-04 A 


L. Pauling, H. D. Springall and K. J. Palmer J. Amer. Chem. Soc. 61, 927 (1939) 


118 


Le. 
dard theory, if hyperconjugation reall 
that 
(1) When a met group is hyperconjugated with 
or even another methyl group, the bond joining it to (hi 
It mmediately apparent that we may have difficulty in detectin i=’ —. 
n the last case. because such a bond would naturally be taken as a Sa ee 
(2) Some effect o1 bond ¢ rest of the system should be apparent. Hl _— 
ore ora | oT AC ‘ ree yarogens are 
thus substituted to make a / butyl group pe ation sho i! 
ihe or at least reduced. The length of a bond joining such a croup to IZ! 
system should theretore be norn il, oF more nor engl 
(4) A perfluoromethy!l group should also hyperconjugate ; and (} 
t to the rest of the system should therefore show shortening. Su 
attracts ciectrons stead of repel inem as a ethyl group ts 
to ak t may produce rather dificrent changes in the other parts 
(5) The longer the hyperconjugated system is, the more will be thi. 
particularly at its ends. Cross hyperconjugation ciiccts shi 
as ippens if ordinary. or first-order, conjugatior 
(6) The methyl group, or the perfluoromethy! group, m 


Bond lengths and hyperconjugation 
TABLE |. SATURATED COMPOUNDS 
C-C (average) 1-54] 0-003 


C-—C (diamond) 15445] 0-00014 


Compound* Method of measurement 


102 109 Infra-red spectrum? 


(1°536 
0-016) 


(1-512 


Electron diffraction* 


Electron diffraction 
Microwave spectrum! 


Microwave spectrum? 


0-014) 


nparisons 


group often causes the 
shorter tha 1 that formed DY a ( H. 


Br and I bv 0-068. 0-033 


Brockway and his co-workers | 
fourth bond form 


group by about 

0-029 an O09 ascribed 
an would 


partic 


be expected | om tne € CLs Cv; | | 
FCF is probably less in CH.CI n CHF, or in IF. (108-6 ()-4) 


thing: but it Oot an oDvious electrostatic result more 


f] orine atom 


Duchesne angle Causes 
characte account ft shortening. This. 
communication® he 


however, leaves 
} le 
Causes 


concluded that 


a decrease in the 
character would seem to be required to expla reduct 


hybridisation 
This observation might be attributed to yugation 
In the olefines, recent measurements bond ts distinctly 
bond. by about 0-05 Ther 


of about 0-02 A: but there is a dearth of good measure- 


shorter than the parathnic e appears to be a lesser con- 
traction in the C-C,H. bond 


ments for it 


tior 


J. rvs. 23. 1860 (1985) 


irtell and | 
Duchesne, J. Ch 
Duchesne, Natur 


$40 (195 


159, 62 (1947) 
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= (A) (A) (A) 
CF,-CH 
1-492 1.078 10931’) 1348 106° 47° 
CHI 1-098 332 108-8 
€ 
— 0-75 
shown’? 
This may indicate sor 
An increase of p 
hy Inve of 
; : * Interaton Distan n Molecules a lor Sy al Publication No. 11, The Chemical Society 
ondon (1958 
es , O. Brockway and R. H. Schwendeman, personal cor nication 
F. Thomas. J. S. Heeks and J. She j 61. 935 (19587) 
Q. Brockway and R. Anderson, personal c nication 
* O. Brock nd C. Thornton, personal « 
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Compound’ 


TABLE 2. OLEFINES" 


Method of 


measurement 


Electron 


diffraction 


(if 
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iS 


Desoer 


cr Causes 
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CUUCCU W 


en 


nt 


measufre- 
communhica- 
hole of the 
indard be attributed to 


0-0? A to be 
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From the (¢ 
\ respectively) the 


ere is fair agreement between 


7 


tetrahedral value 


relative to ethylene, for the 


2714 (1956) 
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(A) (A) methyl (A) methy!| 
CH, = CH, (1-334) (1-085) (116") 
(1-337) (1 O86) 22") Infra-red 
spectrum 
CH,CH=CH 4X8 1-353 1-090 07 Microwave 
19 ectro! 
cifiractior 
CH <0 Elect 
diffraction 
CH,-CH =CH-CH Elect 
CH,-CH=C=-CH Microwave 
HA CH CH CH CH CH 
CH,-CH=CH-CH R 2 
which must b dered. O is of carbon is hea 
the hybrids ( fron and e othe that the difference of 
electro t\ irom tne i! ( ise. res contraction ol bond lengt 
\ abd S of Pau tron units would be required 
ments on butadiene (CH, CH—-CH=CH.,) by O. Bastianse 
tion) give a 1-483 0-003 Af tine cent pond 
contraction of ( HA bond tive to the Cc Sl 
4 change of carbon radii, t nee is -OO3 Air leaving only -_ 
explained by electri va ty difierenc n the ethylene bo 
: bond lengt! met e and ethylene | 1-091 and 1-07 
the two estimates 
HCH in met! eems to be smaller than th 
F f the C-H bond length is assumed to be |-(ii 
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error in the propylene measurement is not given. The value tried therein was the 
older one® of 1-353 A: a much shorter one appears not to have been tried 


In the related compound, acetaldehyde, the C-C bond is somewhat less shortened, 


by 0-04 instead of 0-05 A. The opposite would be expected if difference of electro- 
negativity were the cause, for this should be increased by the attachment of =O 
instead of —CH, to the middle carbon atom. Possibly, therefore, shortening by elec- 


tronegativity difference is not important 


TABLE 3. ALDEHYDES 


Compound C4 C=O CcCCO CH HCH CH CCH Method of 
) { measurement 


Microwave 


0-005 14 4 spectrum" 


diffraction" 


Reference 2 


raciion 


Phe bond length in trifluoroacetaldehyde is equal to the paraffinic standard, 1.e., 


the fourth bond formed by the perfluoromethyl carbon atom is now longer than that 


formed under the same conditions by the methyl carbon atom. This, as Brockway has 


y found (see 


pointed out (personal communication), is the opposite of what is normal 


above); so it can hardly be explained by a normal change of atomic radius due to 


It could indicate an absence of hyperconjugation caused by the 


fluorine substitution. It 


unwillingness of the CF, group to part with electrons as required by the ~CH 


group, 1.c., to mutual incompatibility 


lightly shorter than 


he C-H bond length in the methyl group (1-086 A) is very sl 
that in methane (ry 1-091 A), and “HCH (108° 16’) is slightly less than tetrahedral. 
Mhere are therefore some anomalies which do not agree with ideas of fixed radit 
Another point to note is that ~CCC 


or with shortening by electronegat vity difference 
in propylene is 124° 45’ and _“CCO is 123° 16’ in acetaldehyde compared with 121° 19 


for CCH in ethylene: these might indicate a tendency to an allene-like structure 


In the several acetylenes which have been measured, the striking feature is the 
at 1-456 0-002 A. This is 0-087 A 


essential constancy of the C—C bond length 


shorter than the paraffinic standard. 
errors are not usually ascribed in microwave measurements; so 


Unfortunately 
Fluorine substitution 


the real significance of this observation is not quite clear 
in methyl may possibly cause a small increase, but substitution by bromine 
or chlorine of the acetylenic hydrogen causes no change, although there is 
evidence from electric dipole moment measurements that a considerable degree of 


conjugation or other disturbance results. It is a striking fact that the mean of the 


C-C paraffinic standard (1-543) and of the C-C bond between two triple bonds 
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(1-377) is 1-460 A. If the 1-377 A is a distance which includes the effect of conjugation, 
or increase of bond order, the 1-460 A also includes some such increase: this is tanta- 
mount to saying that the effects of increase of bond order due to conjugation or to 
hyperconjugation are additive; but that might be the case. Were this so, resonance 
could not be demonstrated by departure from additivity; and a decision as to whether 
or not there is an increase of bond order would have to depend upon theoretical cal- 
culations, e.g., of overlap, or on some other experimental means of diagnosis. Al- 
ternatively, the results could be explained by fixed radii resulting from sp hybridisation. 
However, from the difference between the C-H lengths in methane and in acetylene 
(1-091 and 1-064 A) the decrease in radius due to sp bonding would appear to be only 
0-027 A; so the apparent decrease of 0-087 A shown in the C-C bond is not obviously 
due to this alone. 

If the whole contraction were a Schomaker-—Stevenson contraction,” the electro- 
negativity difference would have to be | Pauling unit. 

lhe C-H methyl bond lengths (1-109 A average) are about 0-02 A longer than in 
methane, but a similar effect is also produced by electronegative substitution, e.g., 
by halogens (CH,X, has C-H 1-11, 1-11, 1-109 and 1-11 for Br, Cl, F and 1), but 

HCH (108-5°) is somewhat smaller than tetrahedral. The C—F bond lengths are 
much the same as in CHF,, but “FCF (106-5°) is distinctly less than tetrahedral, 
and is more anomalous than it is in CHF, (108-8°) 

Duchesne has suggested*® that the shortening of the C-C bond can be correlated 
with the decreases in “HCH in methyl and of “FCF in perfluoromethyl: but this still 
leaves the need of an explanation for these reductions in angle (cf. p. 119) 

The C=C bond length in the substituted acetylenes shows no perceptible lengthen- 
ing (average 1-203 A) relative to that in acetylene itself 

For the cyanides there is a particularly interesting series of measurements. For 
methyl cyanide and for methylcyanoacetylene the C-C length is 1-456 A, i.e., exactly 
the same as for the acetylenes. This suggests, again, that electronegativity difference 
is not the cause of the contraction. The C-H length in hydrogen cyanide (1-068 
0-003 A) is essentially the same as that in acetylene 1-064 A, also indicating that the 


carbon radius is unchanged by substitution of =N for =CH. As was remarked for 


the acetylenes, the radius change shown by this bond length is far too small to explain 
the observed C-C contraction. Fluorine substitution in the methyl group again may, 
possibly, cause an increase of length, but values are not concordant 

When the trigonal symmetry of the methyl group is broken, as in ethyl cyanide 
the bond length appears to increase by about 0-017 A. According to standard theory 
therefore, this is all that is attributable to hyperconjugation. The remaining 0-070 A 
may be due to other causes. Two preliminary results for fert.-butyl cyanide indicate 
no increase at all 

In all these compounds, the C-H bond length in the methyl group (1-104 A) is 
longer than the paraffinic standard, and much the same as that in the acetylenes 
(1-109 A). HCH is tetrahedral. The C—F length is the same as in CHF, but “FCF 
is only 107-5 

There is no perceptible lengthening of the C=N bond in the cyanides, compared 
with that in hydrogen cyanide itself. 
The silicon compounds shown in Table 6 indicate a contraction of the C-Si bond 
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TABLE 6. SILICON COMPOUNDS 


Compound C-Si Si-H HSiH : HCH Method of 
(A) (A) (A) measurement 
CH,-SiH, 1 -8668 1-485 1-093 ] Microwave spectrum** 
0-0005 0-005 i 0-005 
C,H,-SiH, 1-84 Electron diffraction? 
0-01 


by about 0-027 A in the aromatic compound, which is about the same as that at present 
reported in methylated aromatics. This could be due to a change in carbon covalent 
radius 

Considering these results as a whole, it is difficult to avoid concluding that no 
consistent explanation can be given on the current hypotheses that atoms have constant 
covalent radii subject only to corrections for changes of hybridisation, differences of 
electronegativity and changes of bond order. It is generally appreciated that the hydro- 
gen covalent radius is variable: thus (C—H) in methane is 0-051 A shorter than the 
mean of (C—-C) and (H-H). Therefore, caution is necessary in predicting lengths of 
C-C bonds from observed changes in C-H bond lengths. Nevertheless, such a pro- 
cedure is only to be discarded completely for our present purpose if there is reason 
to think that, from the C-H changes, too small contractions are predicted for the C—C 
bonds in olefines, acetylenes and related compounds. In fact, contractions of H-X 
bonds seem to be at least as large as those of C—X bonds, e.g., when X 1s a halogen, 
the anomalies relative to the mean of KH-H) and (X—X) are —0-162, —0-090, 

0-099 and —0-096 A for fluoride, chloride, bromide and iodide, while those relative 
to the mean of (C-C) and (X-—X) in the methyl halides are,? respectively, —0-095, 
0-021, +-0-026 and +-0-035 A. Thus if the observed contraction in a C-C bond is 

considerably greater than that so predicted, it probably signifies something more than 
a general change of carbon radius due to change of hybridisation 

Electronegativity differences do not provide any consistent explanation of the 
remaining differences, as was seen for the aldehydes and the cyanides 

It is not satisfactory to ascribe the residual anomalies to changes of bond order 
arising from hyperconjugation unless they can be shown to conform to all the pre- 
dictions made on this hypothesis. In the case of ethyl cyanide and fert.-butyl cyanide, 
one such is not satisfied. The increases of angle in propylene and in aldehyde do, 
however, satisfy qualitatively another prediction. The increases in C-H bond length 
in the CH, groups, and the changes of angle in these and in the CF, groups could be 
but do not have to be ascribed to hyperconjugation 

The general conclusion from this qualitative discussion 1s that hyperconjugation 1s 


not clearly and unambiguously proved by bond length anomalies to exist in the ground 


states of molecules, although on the other hand its existence is not certainly disproved. 
A more quantitative discussion would require comparisons of fact with predictions 


of bond length made essentially from independent data, e.g., from thermal data. 


Other explanations may prove possible: it can be safely said that there are indications 


26 RW. Kilb and L. Pierce, J. Chem. Phys. 27, 108 (1957) 
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that the effective radius of an atom in a bond depends upon the nature of the other 


atom in ways which have not yet been defined.* 
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of these substances, corrected for olefin strain, should be lower than the values actually 
observed by at least 1-0 and 2-0 kcal/mole, respectively. Although it seems reasonable 
to suppose that repulsive interactions in paraffins will also increase with branching, the 
fact that within a group of isomers the more highly branched members possess the 
greater stability (cf. Table 2) makes the estimation of steric strains in saturated systems 
a matter of considerable difficulty. Some efforts in this direction have nevertheless 
been made, notably by Spitzer and Pitzer." As applied to the case of 2,3-dimethyl- 
butane the Pitzer method ts as follows. It 1s observed that 2-methylpentane possessing 
one iso branch is 1-7 kcal/mole more stable than n-hexane, the corresponding straight- 
chain isomer. Assuming that the effects of branching are normally additive,* 2,3- 
dimethylbutane with two iso groupings should differ from n-hexane by — 3-4 kcal/mole 
and from 2-methylpentane by 1-7 kcal/mole. The latter difference is in fact only 

0-8 kcal/mole, and the discrepancy of 0-9 kcal/mole is assigned in this treatment to 


hylpentane and 2,3-dimethylbutane. The 


the steric energy difference between 2-met 
method does not ] * given ; information on the strain energies of the iso 
compounds wh re employed a erence substances. A possible approach to 


this problem may given along the 


TABLE 2. HEATS OF FORMATION OF VARIOUS PARAFFINS 


(VAPOR PHASE, 25°) 


Compound 


Structures (1). (11) and (ILI) are taken as the most stable arrangements of n-butane, 
| 


2-methylbutane and 2,.3-dimethylbutane, respectively. Assuming 


(1) is negligible and disregarding “*B-strain” in (II) and the « 
energy between (Il) a and between (II) and (II1) may each be ec 


in a single skew n-butane ire. Since Pitzer’ has assigned a 
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em. Soc. 70, 1261 (1948); see also H. C. Brown and W. H. 
Bonner, /hbid. 75, 14 (1953), and ref 


*K.S. Pitzer Chem. Rev. 27, 39 (1940); C. W. Beckett, K. S. Pitzer and R. Spitzer J. Amer. Chem. 
Soc. 69, 2488 (1947) 
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for the energy difference between the skew and staggered arrangements of n-butane, 
the above argument suggests that repulsive energy increases in increments of approxi- 
mately 0-8 kcal/mole in the sequence (1) to (II) to (III). On this basis the heats of hydro- 
genation of trimethylethylene and of tetramethylethylene, corrected both for olefine 


and for paraffin strain, are — 26-7 and — 26-2 kcal/mole, respectively. It would there- 
fore appear that the decrease in heat of hydrogenation that accompanies methyl 
substitution in this series is not of steric origin. That the effect resides specifically 
in an intrinsic stabilization of the olefines is most clearly demonstrated in cases where 
isomeric olefins differing in degree of substitution, and hence also in the nature of the 
alkyl substituents, yield the same reduction product. Thus the heat of hydrogenation 
of 1-butene (— 30-3 kcal/mole) exceeds that of trans-butene (-— 27-6 kcal/mole) by 
2-7 kcal/mole, a value that represents the heat of isomerization of the mono- into 
the di-substituted derivative. Similarly, the heats of isomerization of 2-methyl-1- 
butene (disubstituted) into trimethylethylene (trisubstituted) and of 2,3-dimethyl-|- 
butene (disubstituted) into tetramethylethylene (tetrasubstituted) are 1-6 and 

1-1 kcal/mole, respectively, while the heat of tsomerization of isopropylethylene 
into trimethylethylene ts 3-4 kcal/mole. The pair 2,4,4-trimethyl-l-pentene and 
2.4,4-trimethyl-2-pentene constitutes a special exception, which is considered in a late! 
section of this paper 

In 1939 Mulliken suggested that the stabilizing influence of methyl substituents 
on ethylenic and acetylenic linkages could be explained by hyperconjugation involving 
x C-H bonds.’® If the entire effect is thus assigned, hyperconjugation would involve 
energies of the same order of magnitude as those associated with the conjugation of 
two double bonds 

Numerous objections to the original Mulliken proposal have been raised tn recent 
years. Baker" has noted that if branching in paraffin hydrocarbons can result in 
stabilization amounting to some few kcal/mole, the same factors may be responsible 
for stabilization of compounds possessing branches at olefinic carbon atoms.” 
Furthermore, the fact that methyl, ethyl, isopropyl and fert.-butyl groups appear to 
produce equivalent effects requires an explanation beyond that provided by the C-H 
hyperconjugation theory. Dewar and Pettit'* have attempted to explain stabilization 
both in branched paraffins and in alkyl substituted olefins in terms of second-orde! 
perturbations in adjacent bonds (H-C-H, C-C-H, C-C-C, C=C-H, C-C=C), It ts 
noted. however, that if C-H and C-C hyperconjugation play roles of comparable 


theory lor olefins would be unnecessary 


importance, the adjacent bond interaction theor 
* It may 

mole (irom 

S. Mulliken 
j imer. 


J. W. Baker, nit 10. Oxi 
M. J. S. Dewar and R tt c/ 


ae 
(I) i) i) 
< 
wre Stable a re by 2 kca 
lhiker ( A Riek ni W. Gy. Brow 
| ess (1952) ¢ 
be 
‘a 


The thermochemical evidence for hyperconjugation 131 


More recently, Dewar'® has suggested that the effects conventionally ascribed to 
hyperconjugation in alkyl-substituted olefins, and to electronic delocalization (reson- 
ance) in systems of the butadiene type, can be interpreted on the basis of energy 
variations resulting from changes in hybridization. The greater stability of propylene 
as compared to ethylene is thus attributed to the fact that on hydrogenation the 
propylene C-C single bond, formed by sp*—sp* overlap, is converted into an sp*—sp* 
bond whereas in ethylene the analogous change is s—sp* to s—sp*. This suggestion 
possesses considerable merit, although certain of Dewar’s deductions regarding con- 
jugated systems will require careful scrutiny.* 

Taft and Kreevoy" have analyzed the Kistiakowsky data with the aid of an empiri- 
cal relationship of the general Hammett form and have concluded that in cases where 
steric factors are unimportant the heats of hydrogenation can be correlated with a 
reaction parameter (*), an inductive substituent constant (o*), and a hyperconjuga- 
tion factor (4) amounting to about 0-5 kcal for each x C-H bond. An additional 
parameter for C—C hyperconjugation has been employed by Taft and Lewis’ in a 
discussion of hyperconjugative and inductive effects in various reactions of m- and 
p-alkylphenyl derivatives, but C-C hyperconjugation has not been specifically con- 
sidered in the Taft treatment of the Kistiakowsky data 

In connection with a study of elimination accompanying the solvolysis of 2-halo- 
2,4,4-trimethylpentenes it has been noted that 2,4,4-trimethyl-l-pentene (IV) pre- 
dominates over 2,4,4-trimethyl-2-pentene (V) in the olefinic portion of the reaction 
product.’® Equilibration experiments’ carried out on (IV) and (V) in 80 per cent 

| 


aqueous ethanol at 25° furnish an equilibrium constant of the order of 5-7. favoring 


(IV) (V) 


the A'-product (1V). The free-energy difference between (IV) and (V) 1s therefore 


approximately | kcal/mole, a result that is consistent with the gas-phase data of 


Table 1 and with measurements of the heats of hydrogenation of (IV) and (V) carried 
out in acetic acid solution at 25° (Table 3).'* The fact that in this case the disub- 


stituted olefin is more stable than the trisubstituted isomer constitutes an important 
exception to the general rule. Conversion of the fert.-butyl groups of (IV) and (V) 


into isopropyl groups gives 2,4-dimethyl-l-pentene and 2,4-dimethyl-2-pentene in 


* The fact that butadiene. which can adopt a planar arrangement, and voctatetraene, which 


ible experimental! st b t10n energies cl 2 and R. B. Turner, W. R 
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In attempting to account for the 


which the normal stability relationship is restored 
anomalous behavior of (IV) and (V), Hughes et a/."” noted that, although only five 
hydrogen atoms are available for hyperconjugation in (IV) as compared to six In 
(V), important contributions from form (VI) might serve to stabilize the A'-olefin. 


CH, CH 


CH, 
(VI) 
‘ however, have emphasized the fact that the stability of 


fert.-butyl interaction, and 


Brown and his associates," 


(V) is adversely affected by the presence of a cis-methy! 
that predominance of steric over hyperconjugative effects in this olefin provides a 
reasonable basis for interpretation of the observed stability order. Calorimetric 
evidence’® on the magnitudes of interactions of this type supports the latter view. 
TABLE 3. HEATS OF HYDROGENATION IN ACETIC ACID SOLUTION (25°) 
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The strain in (V) resulting from the opposition of cis-methyl and fert.-butyl groups is 
therefore sufficient to account for the relative stabilities of (IV) and (V) without re- 
course to the suggestion of Hughes ef ai. 

In 1957 Brown et a/.*° reported the results of an investigation of the rates of sol- 
volysis of phenyldimethylcarbinyl chlorides carrying alkyl substituents in the ortho, 
meta and para positions (cf. ([X)). The para-substituted derivatives show marked 


acceleration in rate of solvolysis over that observed for the parent compound (IX: 
R H), despite the presence of an intervening phenyl group and of two methyl 


groups attached directly to the center of developing electron deficiency. The ratios of 


rates for the substituted products to that of the unsubstituted derivative are: for p- 
methyl, 26-0; p-ethyl, 22-0; p-isopropyl, 18-8; and for p-fert.-butyl, 14-4. Since meta 
substitution by the same groups produces only about a two-fold acceleration, it is 
concluded that the para effect is predominantly of hyperconjugative rather than 
of inductive origin and further that C—C hyperconjugation is nearly as effective as 
C-—H hyperconjugation in stabilizing an incipient carbonium ion. Comparison of the 
free energies of activation for the various reactions leads to values of about 0-5 kcal 
and 0-4 kcal for the respective contributions of hyperconjugated C-H and C-C bonds 
to the stability of the transition state 

In this connection thermodynamic information on related neutral molecules 
would be of considerable interest. The only pertinent data that appear to be available 
relate to the heats of combustion of m-methylstyrene and of p-methylstyrene, which 
are reported! as — 1163-06 and — 1162-86 kcal/mole (vapor phase, 25°), respectively 
Calculation of the heat of combustion of a hypothetical methylstyrene, devoid of 
possible interaction between the methyl and vinyl groups, from the heat of combustion 
of styrene (— 1018-83 kcal/mole) and the difference between the heats of combustion 
of toluene (— 901-50 kcal/mole) and of benzene (— 757-52 kcal/mole)! gives a com- 
parison value of — 1162-8 kcal/mole. Assuming a calorimetric precision of the order 
of 0-01 per cent, it follows that, within the limits of experimental error, interaction 
between the methyl and vinyl groups in this system is absent. The result suggests that 


hyperconjugation is much less important in neutral molecules than it is in electron- 


deficient states. The rather large stabilization observed in propylene and the lack of 


such in p-methylstyrene may, of course, be attributable to dissipation of the interaction 
in the benzene ring in the latter compound. The evidence is, however, not incon- 
sistent with Dewar’s hypothesis.’ m-Methylstyrene and p-methylstyrene possess 
equal numbers of equivalent bonds, and the hybridization change necessary for con- 
struction of the hypothetical model (s—sp* — sp*—sp*) is accounted for in the toluene 
benzene difference 

The thermochemical data discussed in this paper provide strong evidence for the 
stabilizing influence of alkyl substituents in many unsaturated systems. That the 
cumulative effect is large is indicated by the difference of 6-2 kcal/mole between the 


2° H. C. Brown, J. D. Brady, M. Grayson and W. H. Bonner, J. Amer. Chem. Soc. 79, 1897 (1957) 
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heats of hydrogenation of ethylene and tetramethylethylene. This value is comparable 


in magnitude to the enthalpy differences between cis- and trans-cyclooctene (9-2 
kcal/mole).2" and between cis- and trans-di-tert.-butylethylene (—9:3 kcal/mole), 
which result from the involvement of severe steric strains. It is clear, however, that 
the calorimetric results furnish little information on the origins of the stabilization 
phenomenon. the nature of which must hence be sought in evidence derived from other 


sources 


B. Turner and W 


ve 
‘ ‘ ° 
* 
4 
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SUBSTITUENT EFFECTS ON HYPERCONJUGATION: 
EVALUATION OF HYPERCONJUGATION ENERGY 
FOR GROUPS OF THE TYPE -CH.X 
JOHN W. BAKER 


Depart nt of Organic Chemistry, The University, Leeds 


QUALITATIVE assessment of the relative magnitudes of the mesomeric hyperconjugation 


of groups of the type -CH,X, when X is varied, was attempted’ by a study of the 


H, CH:O HCN p-XCH, C,H, CH(OH)~ CN 


ies of JI RT |\n K were determined 
he dissociation of the cyanol in into 
ntributions 


ol the 


from 
compone 


State cnal 


or log ts 
constant tor 
a reactiol n nt wi mea - h usceptibility 
ion to polar Pris ypercol H bonds and 
ated wit! 
the cyanohydrin reaction 
makes possible some degree of quantitative evaluation of / for different groups CH,X 
L. Brieux and sunders. J. Chem. S 404 (1956) 


R. W. Taft epa Polar. Stet and R nance Ef tsin Reactivity m 
anic Chemistry (Edited by M.S. Newman) p $56 ef 7. Wiley, New York 


4 

~ 

4 

equinodria 
: whence. from the value of A k./k,. the valu 
As defined, JF is tl ncrease in free energy fo 
from both polar (inductive) and mesomeric hyperconjugative effects 
substut oup ¢ H.X towards the stabilisation of the free aldehyde relative to its 
a cyanohyd The difficulty in the interpretation of the results arose in- 
separate the magnituces OT ve and Nhvperconiugative ts 
The inductive effect of roup R is essentially a measure of the ground-sauammmigmnge In 
irity ia pond it ec to that i H m™ nd a standard ind as a first ip- 
c<imatio thi« hy id ry little fron ten ten nyperco! igative 
effect n ke any cor itive effect iry in magnitude from system to system and 
t depends on the cde ree of electron-orbit overlap and so on the extent of the con- : 
jugated system ed on the d of po ye ciectron 
»scparate € alu of the duct mative contridutl ns would t us Live 
more reliable information regarding the yperce ugative eflects of a single HC 
™ nd for arious Troup sten rota 7TOUD Il ystems \ 
basis for such quantitative separator is recently been provided by the treatment 
developed by Taft.2 who has shown the wide application of the relationships 4/ 
I 
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Its application to certain reaction velocities also provides some indication of the effect- 
ive hyperconjugation of alkyl groups in reactions ol different polar requirements 

In the evaluation of o* » values Taft used the methyl compound as the reference 
standard, assigning to it the value o* cn 0-000. On this scale hydrogen, which ts 
less electron repelling than methyl, has o* » 0-490. Since, in the systems here 
considered, the parent unsubstituted compound has been taken as the reference stand- 


ard. the value of o* » has been taken as 0-000, and Taft's values have been adjusted 


according! is 0-490 used in this paper refer to 
0-000. The imen n equilibria with para-alkyl- 


substituted benzaldehyc 


bria between Ik vibenzalde- 
ILIBRIUM CONSTANTS A AND EQUILIBRIA 


BOLLING 


0-490 


0-680) 


0-790 


mon 

ynship 
in 
ae 
cent 


ned for 


gue 

corre 

able 

as probably \ a ) of the ve mdu tridu to the cyanohyadrin 

equ aldehvde system studied 

iS the deg rf perconjugation, and th ain purpose in tl paper is to obtain some relative 

empirical numerical valu for this contribution. Any C-—C hyperconjugation has been neglected, 

but there is some evidence (see below) that it is not significant in the equilibria studied. The writer 

understands from Professor Taft (personal communication) that his alternative treatment, using the 
relationship, applied to the cvanohyvadrin data, Goes not alter any of the conclusions reached in 


ap} 


i 
this paper, although it gives somewhat higher numerical values for / 


J. W. Baker and M. L. Hemming, J. Chem. Soc. 191 (1942) 


. 
a 
4 
(a) vi groups 
oe hydes and their cya 
Taste |. EQ 
p-R -C,H,. CI 
: 
Jf 
i (mole |.) observed calculated (kcal) 
(kca (kcal) 
H 4-47 3-145 (3-15) 
CH 2-75 2-75 0-07 
: CH 0-590 0-062 : 
> 
8-04 2-8] 2-82 0-082 
tert.-C 7°49 2-85 (2-85) 
‘ 
Atte ent was ted er work by Talis este * values are valid indica 
by 0-4 f R. Use ol es, with the corre 
tu< r iA A low (A A.) ] 
betwee * and Moreove e prese o accept U the ma 
ol < e etlec R be of approx itely 454 
ot e group CH, in CH, liad ping effec one-third 1s assur 
the ft croup. ti oly that the magnitude of the in- 
& 


Substituent effects on hyperconjugation 137 


The reaction proportionality constant may be evaluated by elimination of A 


(o* p o* 


between the various equations IF nh. The value so 
obtained (+-0-372) is almost identical with that obtained by assuming that C-—C 
hyperconjugation of the fert.-butyl group is insignificant in these equilibria, whence, 
since C-H hyperconjugation is absent in both the unsubstituted and fert.-butyl- 
benzaldehydes, JF; IF y 0-30 0-790 p*. 1.e.. p* 0-380. The positive 


value of p* is in harmony with the experimental finding that the equilibrium ts dis- 


placed in the direction of the cyanohydrin by unequivocal electron attraction (e.g.. 
1OPA NO 2 | J} 3 3] kcal) al d towards the iree aldel vde by electron release 
(c.g. 1OPK,, on 5-5: AI 3-03 keal) The values of / in the last column of 


1 from the relationships 0-380 * uy) 


j 


nh*, the mean value being /; 0-072. Use of this mean value assumes (with Taft) 


Table | are determine 


that, in this a/ky/ series of substituents, the hyperconjugation energy per H—C bond 
iS approximately constant, an assumption which, as 1s shown below, ts not correct 
when X in X ts not alkyl 

In order to apply the correlation not to differences in 4F but to the individual 4/ 


alues themselves, it is necessary to evaluate the contribution (x) due to polar and 


conjugative interaction of the phenyl and aldehyde groups, present in all cases 
This cal be done by using the unsubstituted compound in whicl yperconjugation 
is absent and the pol effect of R H is, by definition, zero e 3-15 0-380x 
whence 2 8-29 kcal. Taft's o* values (polar electron attraction) for C,H, and CH:O, 
corrected to the standard o* y 0-000 are, respectively +-0-11 and -+-0-86, and the 
extra resonance energy associated with benzaldehyde is 7-1 kcal:* the combined 
pol if atl d resonance efiects olf ( eH ( H Q) in tl e parent svstem would thus he of 
the order 7:1 0-97 8-07. a value in fair agreement with that determined by the 
ibove treatment Ihe J/ alues for the various cvyanohvdrin equilibria are then 
accurately represented by the equation J/ 0-380 (o* y 8-29) 0-072n, or its 
alternative form. 4/ 0-380 of p 3-15 0-072n. whence the calculated values of 


AF in the fifth column of Table | are derived. In the former expression the total 


polar effects of the phenyl and the aldehyde groups are regarded as subject to the 
reaction constant 0-380, whilst in the latter the constant contribution, assessed 
from the experimental data for the unsubstituted benzaldehyde, 4/ 3-15 kcal/mole, 


is Separately enumerated 

Although too much significance should not be attached to the actual numerical 
value of /:, its small value indicates the order of magnitude of the Vf effect of hyper- 
conjugation per H—C bond in the equilibria studies. Thus in p-tolualdehyde the extra 
stabilisation of the free aldehyde relative to its cyanohydrin due to methyl-group 
hyperconjugation is only of the order of a few hundred cal/mole 

(b) Groups of the type ( H.X The pparent validity of the above-deduced rela- 
tionship for 4F for all alkyl substituents studied suggests that it may be used to evaluate 


the relative values of / in the various substituent groups -CH,X, derived from similar 


data which were obtained by Baker er a/.,' n in all cases (except X H) being 2 


Ihe necessary data and results are in Table 2 


The sign of nh is negative because, with p* positive, hyperconjugation electron release will 
increase K, i.e., decrease 4F. When p* is negative, the sign of nf will be positive, the value of 4 always 


being assigned a positive value 


M 


'M Krevoy and R. W. Taft, Jr., J. Amer. Chem. Soc. 79 4016 (1957) 
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TABLE 2. EVALUATION OF MESOMERIC /) FOR GROUPS CH,X IN THE EQUILIBRIA 
p-XCH, C,H,CHO HCN p-XCH, C,H, CH(OH)~ CN FROM THE 


RELATION JI 0-380 3-15 nh 


Al h 


(kcal) (kcal) 


nd OMe (discussed below) the groups CH,X are 


he equilibria thus 


NEt 2°55 1-41 0-5 

2-92 0-56 0-22 
OH 2-84 0-06 0-17 
3-06 (0-22 0-09 
H 2-75 0-490 0-07 
CH 0-590 0-06 
(OCH,-; 3-24 0-03 0-04) 
Value tor ¢ H, N Me, used 
With the exceptions of X — OH 
arranged, in Table 2, in order of decreasing values of o*, 1.c., of Gecreasing / effects 
creasing +-/) and the effective hyperconjugation per H—C bond these groups 
decreases from the top to the bottom of the table rreement with the qualitative a 
confirms the earlier suggestion’ that perco! CH. X is increased by the 
capacity of the group X 1 tabilise the negative charge in the canonical structure re 
X:-CH:-C,.H CH:O olved perconjugal nd thus to increase the im 
portance OT Suc struct nthe meson tructul aia vd Such stabilis 
tion may be by either inductive or conjugative efiect f X. Stabilisation by the u ; 
ductive effect (—/) is illustrated by the observation that the value ol for CH,X 
; decreases in the order X NEt ( OH. w t oO r of decreasing / 
eflects of X. Stabilis " the conjugal flect of X ustrated by the cases where 
; \ CO.Et. CO.H and CO: O. all of which show a greater degree of hyperconju- 
vation, per H-C bond in when X H. It is unfortunate the o* values are not 
ivallaDle tor t rroup CH and hence is not possibile to get any quantitative 
assessment of the contrib f inductive electron release towards the relative stabil- 
H 
sation of the free aldehy but it may be noticed that t structure O- CO~+CH 
} C,H, * CH:O, in which the two negative charges ma xe distributed between two 
OAVLC! iioms and the penz\ YrOUDp 1). simulates ery Closely the resonance 
stabilisation in the symmetrical carbonate anion (B) 
| 
| 


Substituent effects on hyperconjugation 139 


One other factor may possibly make a small contribution when X is strongly electron 
attracting. Before the experimental results were obtained Coulson (personal com- 


munication) made a very tentative guess that increase in the electron-attracting power 


of X would cause a flow of charge in the C-X bond, leading to increased electronega- 


tive character of the carbon atom. This should make the CH, group a little more co- 


planar with the phenyl ring and so facilitate hyperconjugation, but the effect. if 


present, would be very small. The conformity of the experimental results with this 


conclusion may indicate that it is a factor which makes a small contribution towards 


the increased hyperconjugation observed when X is a strongly electron-attracting 


group like NR, 
lhe group CH,0- CH, is anomalous, since the values of 4F for the meta- and 


para-substituted derivatives are almost identical, indicating the absence of any sig- 


nificant conjugative effect. The meaningless very small negative values for 4 found with 


this group confirm this conclusion. One possible explanation might be found in 
| 


competing anionic hyperconjugation 


groups CH,~ and CH,O- CH,- is difficult 


TABLE 3. VELOCITY DATA FOR THE REACTION p-R - C,H, -CHO HCN 


H(OH)- CN IN EtOH OF CONSTANT BOILING POINT AT 20 


R H CH CH o-C.H fert.-C,H 


363 


0 


O-SS 


0-68 
0-680 


0-490 0-590 


H Jr 


Seubold, 


* 
H» 
o explain on this basis 
Renee In reaction velocities, all polarizability effects. favourable to the reaction. will be 
eflects will be included, indiscriminately. in any cc igative or hyperconjugative effect 
derived from the applicati the type of analysis. For this reason alone, simi- 
la OT data may not be gu as Sa ctory aS a eans Of evaluating 
the Nhypercol ont hit Te) nevertt le » : 
{ ] ul oul ana Cs do, nevel ciess, provide some 
nterest results 
(a) / anol ( on. Baker and Hemmi ilso determined the separate 
lable These are less accurate than are those for the equilibrium constants K 
especially those tor / \ IK were detern eq Irom the reiation A k,K and so 
involve the product of the separate experimental errors in both A and A [hese A : 
p-R- C,H,  ( 
mole sec ') | 0-98 0-9] 
RAM) 0-333 
10 (sec ) 0-68 
0-00 0-790 
Ore. Chem. 21, 156 (1956) 
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values do not conform to the above analytical treatment. An approximate treatment 
of the k, values is, however, possible, although even here the very small velocity 
differences do not readily lend themselves to such analysis 
Although the values of / vary slightly for the different alkyl substituents (0-03, 
0-02, 0-07), these results are approximately represented by the relationship log (k,®/k,") 
-0-430*p 0-03n. The rather larger positive value for p* for the forward reaction 


than for the equilibrium is in agreement with Lapworth’s early finding’ that, in cyano- 


hvdrin formation, attack is by the CN ion and hence the forward reaction is facilitated 
by electron attraction away from the carbonyl carbon atom. The small value of h, 
of the same order of magnitude as that in the equilibrium expression, suggests that only 
the mesomeric component (+ M) of hyperconjugation is operative in the forward 
reaction. a conclusion to be expected since hyperconjugation is an electron-release 
mechanism which would retard the electrostriction of the cyanide ion 


(b) In unimole cular (S~1) and himolecu lar (S ~2) nucit opl ili substitution In the 


unimolecular nucleophilic substitution, the solvolysis of benzhydry| chlorides,’ the 


rate-determining stage p-R - CHPh-Cl C,H, CHPh Cl, is un- 
equivocably facilitated by electron release by the group R alkyl and hence the 
mesomeric hyperconjugation (+ M) will here be greatly increased by the operation of 
a strong electromeric component (+ £) pplication of the above method of analysis 
should thus reveal the magnitude of this total H—( yperconjugative effect. The 


relevant data. including some later results of Shiner and Verbanic,” are in Table 4 


TABLE 4. VALUES OF A, Ft [ CHPhCIIN 80 PER CENT AQUEOUS 


n-C.H 
(CH,),CH CH 
CH,),C CH, 10-06 


Solution of the various equati og (k,®/k,") Rp nh gives p* 1-40. 
whence the various values of / in the last column of Table 4 are determined. For the 
results of Hughes et al.’ this unimolecular solvolysis is accurately represented by the 
relation log (k,®/k, |-400* p ():26n: those of Shiner and Verbanic require a 


slightly smaller value for 4. The large negative value of p* indicates the expected 
strong facilitation of this reaction by electron release from R and the much larger 
4. Lapwort oc. $3, 995 (1903) 


E. D. Hug! ngold and N. A. Taher, J. Chen c. 949 (1940) 
*V. J. Shiner, Jt vanic. J. Amer. Chem. Soc. 79, 369 (1957) 


| 
a 
ACETONE AT 
R 10") wk 
H 0-000 2.618 0 
= 
CH 0-490 1-4715 0-26 
CH 0-590 6)-6 1-3464 0-26 
so-C..H 0-680 47-0 }-2219 0-2 
tert.-C,.H 0-790 35-9 1-1049 
|-3374 0:23 
| -2828 0-21 
1-1848 0-13 
With reference t Value log At oserved DY particula estigatol 
gg 
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value of / (approximately 0-26) indicates that the total (+M, +E) hyperconjugative 
effect per H—C bond now operative is at least four times as great as the mesomeric 
component alone. The significantly lower value of 4 for the neopentyl group may well 
indicate some steric inhibition of the hyperconjugation® in addition to the +-/ effect 
of the substituent CMe, group on the effective hyperconjugation of the attached 
CH, group. 

The bimolecular nucleophilic substitution 


p-R - CH,Br + C,H;N p-R - C,H, CH, - NC;H, }Br, 


from the results of which the concept of H—C hyperconjugation was originally formu- 
lated,!® will be much less electron demanding, since, in the transition state, electron 
release, although facilitating the separation of bromine with its bonding electrons, will 
hinder the electrostriction of the pyridine molecule. Hyperconjugative electron release 
should thus be much smaller. Analysis of the experimental results, given in Table 5, 


completely confirms both these conclusions 


TABLE 5. VALUES OF k, FOR THE REACTION 


p-R - C,H, CH.Br C;H;N — p-R - C,H, - CH, - NC;H Br 
IN DRY ACETONE AT 20 


R 10*/ log (k,R/k,4) h 


(mole~'l. sec™') 


0-000 | 0 
CH 0-490 ?-02 0-2190 0-049 
0-590 1-8] 0:-1693 0-040 
iso-C..H 0-680 1-63 0-1258 0-024 
fert.-C,H 0-790 1-65 0-131] 


he relative velocity data are represented by the equation log (k,®/k," 0-150* p 

0-04n to an accuracy of 0-01 0-02 log units. The much smaller negative value of 
p* reflects the smaller electron demand of this S x2 reaction. The low value of h, of 
the same order of magnitude as that for the mesomeric component, suggests that the 


polarisation of the C—Br bond in the transition state 


does not invoke appreciable unsaturation at the methylenic carbon atom to stimulate 
any electromeric hyperconjugative effect 

Too much significance must not be attached to the absolute numerical values of h, 
but these analyses, based on free-energy calculations, suggest that the energy associated 
with the mesomeric hyperconjugation of a single H—C bond in a/ky/ groups attached 


to an aromatic system is small and only about 40-70 cal/mole, whereas when the 


’G. Baddeley, J. Chadwick and S. B. Rawlinson, Nature, Lond. 164, 833 (1949): cf. G. Baddeley 


and M. Gordon, J. Chem. Sec. 2190 (1952) 
"J. W. Baker and W. S. Nathan, J. Chem. Soc. 1844 (1935): J. W. Baker, J. Chem. Soc. 1150 (1939). 
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electromeric effect 1s 


stimulated by 
is increased 


iniv lowe! 


al mole | 
Kreevoy ‘ 


i strongly electron-demanding reaction this value 
about fe to approximately 260 cal 

apt 


ese values of / 
(approximate! 


of 


|) found by Taft 


Ae 
= 
> etnyiene ine 
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free energies Of hydrogenation of cardonyl compound 
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ISOTOPE EFFECTS AND HYPERCONJUGATION 


SEVERAL years as i¢ observation of ; yt lect in the decomposition of 
‘ 
pentyl chlorosulfi ‘ Suggestior isotope effect measured tl 


reonjugation 


use 18ol 


molecule 
Vaience- 


ncerned 


pentyl chlorosulfite in dioxar ltoa ture of pentenes 


Nearly complete deuteration 1 ; ind 3 positions produced 


a EDWARD S. Lewis 
( [> | Rice Ins te. Hi ‘ 
2 
ase 
In PC accompanying the activation ihis paper examines the sugges- 
“| tion in the light of subsequent work with the aim of establishing the extent of connec- 
ee tion between these isotope effects and hyperconjugation. There will be no attempt to 
Ope ciiects to study the nature of hyperconjugation 
ae For the purposes of this paper, hyperc ition 1s considered to be a contribu- ; 
tion to the usual yorid oO ond res Of reasonavdik riner structures 
a with no bond to some aton place of th bond of the conventional structures. 
——. Che partial withdrawal of the electrons of a single bond to another part of the 
eo where they can be accommodated 1s t e important feature of this definition, the 
with hyperconjugation inve ne withdray electrons from a bond to hydrogen 
ae nothing can trom this work abdout the called yperconjuga 
von 
It was suggested that, when elect re withdrawn from a C-H bond by hyper ; 
reaction with a ¢ ctivati dt vitl 
different force lants ol ti clivated 
nerge ind diflerent rat is. W reaction result 
point bratio pre un my ind n the 
deuterium compound ce the protuul my aw ecact mo rapidly On this 
has t was prop at the Ktent of et a m ipp a if m sut tity 
electron deficiency ictivalior 
Ihe initial experiments which led to these ideas were on the decon POSILIO!I wt 2 
and 2-chioropentane 
2 diminution in the 
mpie tre if ™ ne § pe eflect 
E. S. Lewss and C. E. Boozer, J. Amer. Chem. S 74, 6306 (1952): /hid. 76, 795 (1954 
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rate of both reactions with Aw/Ap ca. 1-4. Both processes were believed to proceed 
through the rate-determining formation of an 1on-pair 


ROSOC! R OSOC! 


It was desirable te an isotope effect on a reaction of well-established 
a transition 
nis was 

ner® appeared describing a 
chioride produced by 
ts of our work and confirms 
arbonium ions. The 

at d cise where as 

nolecule in positions 

lor comparing 

rs of deuterium atoms 

the free energy ol 

¢ that the diflerence 

cauion tor expressing the 
work of Shiner® and that 
uterium substitu- 

jum atoms in the 

fect of deuterium 

t is attached and 


Arrhenius pre-exponential 


HCOOH 
CH. COOH 
80 
HCOOH 


lable | shows the fall in isotope effect as the solvent or leaving group becomes more 


nucleophilic, hence supporting the suggestion that the less electron-deficient transition 


state leads to a smaller isotope effect Table 2 shows the decrease in isotope effect 


as we proceed from the limiting tertiary halide, which does not need solvent participa- 


tion. through the intermediate secondary compound to the primary ethyl compound, 
where the electron-deficient carbonium ion is a very poor description of the transition 
791 (1954) 
und S. Suzuki, J. Amer. Chem. Soc. 80, 2326 (1958) 


Shiner, Jr., /. Amer. Chen 1603 (1954) 
Lewis and G. M. Coppinger, J. Amer. Chem. Soc 76. 4495 (1954) 
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where deuterium substitution produces changes in the PO —-_ 
actor 
TABLE | ISOTOPE EFFI rs IN SOLVOLYSIS OF 2-PENTYL COMPOUNDS 
Substance Solvent RT ajini , 
(Cal Mow) 
ROTs 6 | 
ROTs 
ROTs 
RBr 56 
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state. The parenthesized value for the 2-pentyl bromide in 80 per cent ethanol is 
estimated from Table | 


2. STRUCTURAL INFLUENCE ON ISOTOPE EFFECT WITH NEARLY COMPLETE 


DEUTERIUM SUBSTITUTION 


TABLE 


Compound (RT ky 


(cal/mole) 


RO) EtOH 
sO EtOH 
Pentyl p-toluenesulfonate CH.COOH 
Ethyl p-bromobenzer CH.COOH 


\ simple extension of these ideas requires that the isotope effect in the ordinary 
S$ y2 reaction should be very small, since the contribution of hyperconjugating electron- 


deficient structures is minor. Two examples have been studied. The reaction (1) with 
OEt RBr EtOR Br (1) 


R = isopropyl was studied by Shiner * and shows a very small and possibly experimen- 
tally insignificant isotope effect, with (RT/n)in ky/k p 12 cal/mole. The reaction of 
2-pentyl chlorosulfite in the presence of tertiary amines is an inverting chloride ion 
substitution represented by (2), it has (R7T/n) In ky/k | 35 cal/mole.* Both numbers 


are substantially smaller than those for any analogous S 1 reactions 


Cl ROSOC] CIR SO Cl (2) 


[he connection between retardation by 8 deuterium and the carbonium-ion 
character of the transition state is now reasonably well established, but the results 
described above do not necessarily identify hyperconjugation as the mechanism of this 
connection. Most alternative explanations, not involving conjugation, would not 
predict transmission of the effect through an unsaturated system, so the solvolysis of 
methyltolylcarbinyl chlorides were studied. Table 3 shows the effects of deuterium 
substitution in various positions on the solvolysis rates of methyl-p-tolylcarbinyl 
chloride in acetic acid® and of this substance and the meta isomer in aqueous acetone.” 
Variations of isotope effect with temperature and with the composition of aqueous 
acetone are not shown. Since the effects are small, the significance of these variations 
is questionable 

Four features are evident from these data. First, deuterium in the para-methy] 
group does cause some retardation; second, this isotope effect is subject to large changes 
with solvent; third, deuterium in the meta-methyl group does not cause a retardation, 
and indeed appears to lead to an increased rate; fourth, deuterium in the « position 
produces a large retardation. 

lhe first of these, retardation by deuterium in the para-methyl group, lends sup- 
port to an explanation in terms of hyperconjugation, especially when the retardation 
S. Lewis and W. C. Herndon, unpublished work 
J. Shiner, Jr. J. Amer. Chem. Soc. 74, 5285 (1952) 


S. Lewis and G. M. Coppinger, J. Amer. Chem. Soc. 76, 796 (1954). 
'’’R. R. Johnson, Thesis, the Rice Institute, Houston, Texas (1958) 
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TABLE 3. ISOTOPE EFFECTS IN THE SOLVOLYSIS Of METHYLTOLYLCARBINYL CHLORIDES 


Solve 


CH,COOH 
CH.COOH 
Me.CO-H,O 
Me.CO-H,O 
Me.CO-H,O 
Me.CO-H,O 0-99 


round 


a resonance, 
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rms Of al luctiy in be offered and will be discussed 11 


It is included 
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ed. This is deduced from the observation that a pa 
respect to this reaction, but the meta- 


onium ion with respect 


hyl group reduc rhus the inductive effect of the methyl group favors 
the reaction, a! reactivity of the a-methyl substituted compound 
must be attributed to a resonance effect."? One therefore predicts that the C-H bonds 
of the CH, group will be stronger in the transition state than in the initial state, hence 


The observation™ that ky/A 


substitution of deuterium will lead to an acceleration 
if not convincing, confirmation of this prediction 
hydrogen and deuterium have been proposed by 


is positive 


Inductive differences between 


Halevi" in the direction of greater electron release by deuterium than by hydrogen 


Shiner. Jr. and ¢ vil imer. Chen 373 (1957) 
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J. L. Komsey Johnson, J. An hem. Sow 


Halevi, Tetrahedron 4 (1957) 
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He arrived at this conclusion from considerations of differences in acid strength be- 
tween phenylacetic acid and its «-dideutero analogue. Benzylamine and its «-dideutero 
analogue similarly differed in base strength. The source of this difference was attri- 
buted to the difference in CH and CD bond distances; the smaller distance for the 
latter arises in a straightforward way from considerations of zero-point vibration of 
the anharmonic system. Independent confirmation is found in the shielding of the 
fluorine nuclei in the CF,H group of n-C,F;H," which by nuclear magnetic resonance 
methods is less than the shielding by valence electrons of the corresponding nucle 
in m-C,F,D. This inductive effect best explains the previously quoted results on the 
increase in rate on substitution of deuterium for hydrogen in methyl-m-tolylcarbinyl 
chloride, and (as suggested by Halevi) may also explain the reverse isotope effect 
in the reaction of p-toluene-diazonium ion. There is now additional evidence on this 
point from kinetic work. The reaction of methyl p-bromobenzenesulfonate with 
triethylamine has a transition state as shown below resembling that for the solvolysis 
of triethylcarbinyl chloride electrostatically, although in the solvolysis the atom de- 
veloping the positive charge is electron deficient, and in the quarternization reaction 


there is no significant electron deficiency at the nitrogen. The effect of deuterium in 


one methylene group of the triethylamine was to accelerate the reaction, with kw/A 


0-93.16 Not only is the result most easily explained on the basis of an inductive 
difference, but one can also conclude that the more usual isotope effect in solvolysis 
is not derived from an electrostatic effect alone, since one might expect isotope effects 
in the same direction for the quaternization and the solvolysis if the charge near the 
point of isotopic substitution were the important factor 


In addition to work on solvolytic reactions, evidence relating isotope effect and 


hyperconjugation has come from other sources. Shiner and Cross" have found similar 
but smaller effects in the hydrolysis of acetals, where hyperconjugation had been 
considered important from other evidence, Swain et a/.'* studied the effect of tritium 


in the methyl group of toluene on the rate of bromination in aqueous acetic acid, and 
on the rates of some other electrophilic substitutions. Since the transition state for 
bromination was believed to be highly electron deficient, they estimated that the 1so- 
tope effect should be larger than in the solvolysis reaction. The observed (AKy/k1 

1-046 + 0-009) isotope effect was smaller than that reported for a solvolysis reaction,' 
so it was concluded that the isotope effect and hyperconjugation were not directly 
connected. Since the later results, quoted above and in reference 11, show that there 
is substantial variation in isotope effect with solvent, Swain’s result 1s no longer un- 


expectedly low, hence his conclusion is no longer necessary. This example does 


G. V. D. Tiers. J. Amer. Chem. Soc. 79, 5585 (1957) 

E. S. Lewis and W. J. Farrissey, unpublished observations 

V. J. Shiner. Jr. and S. Cross, J. Amer. Chem. So 79. 3599 (1957) 

C. G. Swain, T. E. C. Knee and A. J. Kresge, J. Amer. Chem. Soc. 79, 505 (1957) 
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illustrate the caution that it is now necessary to use in quantitative interpretation of 
isotope effects 
In conclusion, it may now be taken as established that hyperconjugation 1s one 


of the important sources of secondary isotope effects There exist other sources of 


isotope effects, including an inductive difference and an effect from « substitution 
Furthermore. the variation of solvent influences the isotope effect is a way that is not 
well understood, so that the quantitative use of secondary isotope effects 1s not a 


reliable tool for studying mechanisms, except when the effects are large 
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A SIMPLE MOLECULAR ORBITAL TREATMENT OF 
HY PERCONJUGATION* 


\. STREITWIESER, JrR., and P. M. Nair 


Department of Chemistry, University of California, Berkeley, Cal 


Abstract—A modification of the simple molecular orbital theory has been successfully applied to the 


treatment of ionization potentials of unsaturated molecules. Of the several models examined for the 


hyperconjugative effect o nethyl grouy st results were obtained for a model in which the methyl 


group ts treated as a single “heteroatom” which donates two electrons to the 7 system 


As part of a program to investigate the quantitative and semi-quantitative application 
of the simple molecular orbital theory with neglect of overlap to organic chemistry, 
we have examined the treatment of ionization potentials. The resulting correlation 


has been used in an examination of several models for a methyl group. 


Ionization potentials in the simple theor) 

In the simple molecular orbital (Hiickel) theory all of the Coulomb integrals, « 
are taken to be the same; all of the exchange integrals, 8,,. for bonded atoms are 
taken as equal. 8 for non-neighboring atoms are taken as zero and all overlap integrals 
of the type, S,./ s), are taken as zero. The energy, «;, of each molecular orbital, 
y,;, is Obtained in the form of equation (1) 


x m5 (1) 


rhe ionization potential, /, should be given by the energy of the highest occupied 


molecular orbital.' Stevenson* has obtained the ionization potentials of a number of 
polycyclic aromatic hydrocarbons by electron impact and has demonstrated for this 
related family of compounds an excellent correlation between the experimental 
ionization potentials and the corresponding energies of the highest occupied molecular 
orbitals. His results are summarized in Table | and are plotted in Fig. 1. An attempt 
to extend this simple treatment to other compounds fails. Although styrene fits quite 
well, the points for ethylene and butadiene fall far from Stevenson’s correlation line 
To some extent the discrepancy is due to the use of a common value for 8. 

he bond distances in ethylene and butadiene differ substantially from those in the 
aromatic hydrocarbons. Making the usual assumption that § is proportional to the 


overlap integral, 8,, for a double bond becomes 1-07 §, in which £ is now the exchange 


integral for the C-C bond in benzene. Similarly, 8,, for the single bond in butadiene 
becomes 0-91 8. The effect of the use of these values for §,, in ethylene, butadiene 
and styrene are shown by the crosses in Fig. 1. In the first two cases the change is 
too small to produce any substantial improvement in the correlation. 

* This work was supported by the United States Air Force through the Air Force Office of 
Scientific Research of the Air Research and Development Command, under contract No. AF49(638)- 
105. Reproduction in whole or in part is permitted for any purpose of the United States Government 


'S. A. Matsen, J. Chem. Phys. 24, 602 (1956) 
* D. P. Stevenson, personal communication 
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plified by methyl, allyl, benzyl and pentadieny! radicals, the highest occupied molecu- 
lar orbital is a singly occupied non-bonding orbital. Hence, these radicals should all 
have the same ionization potential according to the simple theory. Experimentally, 


the ionization potentials of these radicals vary over a range of more than 2 eV. The 


discrepancy is demonstrated in Table | and in Fig. 1. These results demonstrate that 


without modification the simple molecular orbital treatment is of limited usefulness in 


the correlation of ionization potentials 


Effect of x as a function of charge 

The defect in the treatment of ionization potentials demonstrated above un- 
doubtedly arises from the neglect of electron-repulsion terms in the simple theory 
[his problem can be handled by the use of more elaborate molecular orbital techniques: 


several calculations of ionization potential using Sl tecni been re- 


ported the most extensn hi are the recent semi-empirical self-consistent 


molecular orbital calculations of Hush and Pople In the simp! \ r families 
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1-4. The data for this case are plotted in Fig 


Best agreement was obtained for «a 


An excellent linear correlation ts obtained 


the least-squares correlation line ts given 


in equation (4), in which the uncertainties are given as the standard deviations 


>-110 O-OSO)y 9-878 1-073 (4) 
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spread throughout most of the molecule, and the simple Hiickel charge densities 
would not be expected to differ greatly from self-consistent charge densities. In Table 3 
are listed the Hiickel charge densities and the charge densities obtained from the first 
iteration for several aromatic hydrocarbons. The self-consistent charge densities will 
fall between the individual values. The changes involved are only a few hundredths 
of a unit at each position. Consequently we would not expect the value for x w hich 
corresponds to the use of self-consistent charges to differ significantly from the values 
obtained in the first iteration in these cases 

{The situation with cations of odd alternant hydrocarbons such as allyl and benzyl 


s rather different, however. In these cases the so called “starring process” can be 


carried out such that the number of starred positions is one more than the number of 
unstarred positions and no two starred positions are adjacent. In the Hiickel ap- 
proximation the positive charge density in these cations resides only on Starred posi- 
tions; these charge densities may be expected to differ substantially from the self- 


consistent charges. Table 4 lists the results for successive iterations of the allyl cation 


Taste 4. SUCCESSIVE ITERATIONS FOR ALLYL CATION 


0 0-500 1-000 

| 0-621 0-757 0-785 
0-5 

0-5 0-806 
4 0-552 0-896 
0-5 


0-830 


0-880 


] $7 0-842 0-818 
0-870 
0-850 
0-864 


0-858 


equation (6) 0-624 0-753 (0-7 


lhe self-consistent charges fall about midway between the Hiickel values and those 


given by the first iteration. The final value of y differs from the value from the first 


iteration by an amount which corresponds to only 0-08 eV. The series of successive 


iterations for the benzyl cation, however, was not convergent. As shown in Table 5, 


the charge densities at different positions show increasing oscillation with progressive 


iteration. Starting with charge densities derived from a perturbation treatment (vide 


infra) which should be closer to self-consistent charges, successive iterations give 


oscillating charges with consequent variations in y. This situation is probably asso- 


ciated with the form of molecular orbitals in aromatic rings. For comparison with 


related systems, our procedure was to start with Hiickel charges and to use x resulting 


from the first cycle of iteration 
Because of its symmetry, the case of benzene is unique. The degeneracy of the 
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highest orbitals leads to different cations, which probably cannot be made self-con- 
sistent by our procedure. Without further justification, we assumed an even distribu- 
tion of positive charge on all six carbons and obtained y from one cycle of iteration. 
An alternative procedure for calculating the variation of the cation energy with w 
involves the use of an approximation method. Coulson and Longuet-Higgins® have 
expanded the change in energy in a Taylor’s series, the first two terms of which. 
equivalent to a second-order perturbation, are given in equation (5): 
'hey obtained simple expressions for the second derivatives, @2E/@x,éx.. identical to 
the atom-atom polarizabilities, 7,,, in terms of the energies and coefficients of the 
Hiickel orbitals 


TABLE 5. SUCCESSIVI ITERATIONS FOR BENZYL CATION 


No. of 
iterations 


Starting with Hiickel charges 
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0-430 
0-847 
0-412 
0-879 


0-950 
0 762 


19 0-724 0-646 
20 0-996 1-090 


Starting with perturbation charges 
0 0-857 0-882 
| 0-970 0-848 

2 0-863 0-879 


0-907 0-495 


0-773 0-765 


Equations (2) and (5) may be combined to yield equation (6) 


This equation has been applied to a number of cations of odd alternant hydrocarbons. 


’ C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. Soc. A 191, 39 (1947) 
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The values of y derived in this way for allyl, benzyl and pentadienyl cations, 0-78 
0-972 and 1-020, respectively, are close to the values obtained by the rediagonalization 
process. The first and dominant term in equation (6) may be written in the form of 
equation (7), which shows its relationship to the “solvation energy parameter” 


Yq," recently derived by Mason"* by a Born charging process 


The application h 1 charging concept to individual carbon atoms within a 
molecule is subject ay ty of « Sn However, the resulting function was 
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carbon and a virtual p orbital formed by the three hydrogens operating as a pseudo- 


atom. In effect, the methyl group is treated in the simple theory as a vinyl group with 
modified « and § parameters (see Fig. 3). 
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a number of methyl-substituted olefins, polyenes, aromatic hydrocarbons and radicals 


and the corresponding ionization potentials calculated from equation (4) are listed in 
Table 6, together with the experimental ionization potentials. The results are also 
plotted in Fig. 4. Comparison of the experimental points in Fig. 4 with the standard 
correlation line shows extremely poor agreement. Clearly the conjugation model, at 
hyperconjugative effect of a 
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TABLE 6. COMPARISON OF CALCULATED AND EXPERIMENTAL IONIZATION 


POTENTIALS OF VARIOUS MODELS OF A METHYL GROUP 


Mode! ( Model / Model | ( 
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TABLE 7. CALCULATIONS FOR MODEL H 
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this model is of limited usefulness. This s tion is not improved by < reasonable 
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Es with this model, carried through one cycle of iteration, are 
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cation. Each total energy is of the form of equation (10) in which » is the number of 
7 electrons and MB is the total 7-bonding energy: 


I ny Vp (10) 


The agreement, on the whole, is quite good. The aliphatic olefins fit well. The trend 
in the aromatic hydrocarbons is reproduced except for p-xylene. It is interesting that 
all four models used give a higher calculated ionization potential for p-xylene than for 


m-xylene and suggest that the experimental values may be slightly in error rhe aro- 


matic hydrocarbons in absolute value, however, are significantly displaced from the 


correlation line (vide infra). The effect of a methyl group attached to allyl radical o1 
to benzyl radical is excellently accounted for in this model The average deviation 


s for these three sets of com- 


between experimental and calculated ionization potentia 


pounds is only 0-11 e\ Che situation with the simple alkyl radicals is difficult to 
Fi ( pa of model H with expe cr ders correspond pounds in 
Tab 


evaluate. The calculated result for ethyl radical agrees fairly well with both Steven- 
son’s and Lossing’s experimental values. The values given by these authors differ by 
0-5 eV for isopropyl radicals and for fert.-butyl radicals (see Table 7). The points for 
the three alkyl radicals are shown by pairs of crosses in Fig. 7. All we can say at this 
time is that the calculated results are apparently reasonably close to the actual values 
The calculated ionization potentials for these simple radicals are very dependent on the 
parameter values used. The observed trends suggest that Bc-y = 0-78 may be a better 
assumption. For this value of Bc_y, preliminary results indicate that the associated 
xy has a Ay value of about 3.0 

It should be noted that in the model used the methyl group heteroatom was con- 
sidered to have no inductive effect on the attached carbon; « for the attached carbon 
was not changed and no “auxiliary inductive parameter” was used. When attempts 


were made to include such an inductive effect by assigning a small negative / to the 


*R. D. Brown, Quart. Rev. 6, 63 (1952) 
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TABLE 8. SUCCESSIVE ITERATIONS OF PROPYLENE CATION 
(MODEL 


No. of 
iterations 


0 
O-O19 
0-044 
0-033 
0-035 
0-035 
0-035 
0-035 


TABLE 9. SUCCESSIVE ITERATIONS OF ETHYL CATION 
(MODEL 3-5) 


No ol 


iterations q 


0-091 
0-173 
0-150 
0-156 
0-154 
0) 155 
0-155 


0 155 


attached carbon, it was found impossible to get reasonable agreement with the corre- 
lation curve 

In several systems we examined the effect of further iteration to determine whether 
this model would converge generally to a self-consistent energy and pattern of charge 
densities and to see if the self-consistent value differed importantly from the first iterated 
values. Propylene cation (Table 8) and ethyl cation (Table 9) converged rapidly. 
The self-consistent value of y for propylene differs from first iterated value by an 
amount which corresponds to 0:1 eV and agrees better with the experimental value 
rhe calculations in the ethyl case were made using a value of / for the methyl group 
heteroatom, X, of 3-5. The final y value differed from the first iterated value by an 
amount which corresponds to a reduction in the ionization potential of 0-3 eV. A 
similar result would be expected for / 3-3. This result further suggests the use of a 
smaller Bc—». Toluene (Table 10) was found to be unstable to successive iterations. The 
charge densities as in the benzyl case oscillated and gave progressive divergence. The 
charge densities of the first and second iterations were averaged and were used to 
initiate a new series of iterations. The use of these charges (SCF charges) gave a first 
iteration y corresponding to a calculated ionization potential of 9-17 eV, in good 


agreement with experiment. However, the system was still unstable and showed the 
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same type of progressive divergence noted above, probably for the same reasons as 
the instability of benzyl 

Hyperconjugation energies tabulated in Table 7 were derived for each of the hydro- 
carbons or radicals and the corresponding cations by subtracting from the total energy 


the energy of the parent unsubstituted compound and the energies of the attached 
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ct 1ON « c chemi ew that a met p stabilizes a carbonium ion much 
n than a neutral hydrocarbon or radi The observed variations also agree with 
qu ve « the t: the methyl group in ethyl cation does much better al 
stab ng a positive rge than does the methyl group in crotyl cation which in 
turn is better than the methyl group in p-methylbenzyl cation 
Because of the simplicity of the simple molecular orbital theory and its many 
theoretical deficiencies the success or failure of a model in the simple theory cannot 
strictly be used as evidence for or against specific effects embodied in the model. The 


success of model 7, however, does suggest that appropriately oriented sigma electrons 
in an alkyl group are available for 7 conjugation; i.c., that substantial stabilization of 
carbonium ions by hyperconjugation does occur. There is no reason in principle why 


other alkyl groups could not also be treated by the same model, albeit, perhaps with 
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slightly altered values of 8c- and xy. There are not enough ionization potential data, 
however, for meaningful comparisons using the present technique. 


Other systems 

The techniques described in this paper were applied to the calculation of the 
ionization potentials of several compounds which have not been experimentally 
determined. These values are listed in Table 11. It is interesting that the 6-phenylallyl 
radical calculates to have an ionization potential similar to that of the allyl radical 
itself; cinnamyl radical, in which the phenyl group is now directly conjugated, calcu- 
lates to have a lower ionization potential. This effect of conjugation versus non- 


conjugation is also seen to a lesser extent in I- and 2-phenylbutadiene 


UNMEASURED COMPOUNDS 


ligital computer. The 

which are non- 

zero only when a bond exists between the corre nding , were used to set up a 

list of the bonds which was later printed as a “bond-key” and ved as a check that 

the input matrix actuall yrresponded to the desired compound. The matrix diagon- 

lization program which utilized the Jacobi method was written by Mr. John Newhaus. 
[he eigenvectors and eigenvalues were used to compute the required char; 


equal 


bond orders and atom—atom polarizabilities by the usual 


programs were written for the calcula 
sive iterations of various compounds an 
last program gave single iteration results wit le w values of 
Unfortunately, because of an error in the program, the calculations 

ifter the first were made not on the Hiickel charge densities but on the 
ties resulting from the previous w. Hence the interpolated values for 
number of cases in model / and model /—C correspond in effect to more than one cycle 
of iteration. The results for these compounds differ from the true first iterated values 
by an amount which corresponds to only a few hundredths of an electron volt in the 
ionization potential. In the programs used with the heteroatom model the appropriate 
changes were incorporated to account for the contribution of two electrons by each 
“heteroatom” 


icknowledeement—NWe thank Dr. D. P. Stevenson for several valuable discussions and for information 
in advance of publication 
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A RE-EVALUATION OF CONJUGATION AND HYPER- 
CONJUGATION THE EFFECTS OF CHANGES IN 
HYBRIDISATION ON CARBON BONDS 


M. J. S. Dewar and H. N. SCHMEISING 


M 


THis paper falls into three sections 
In the first, we examine th irrently accepted evidence for the delocalisation of 
bonds in polyenes, olefin etc.. and show it 1 nconclusive 
In the second, we give three independent estimates of the length of a pure single 


bond between 5 carbon atoms which indicate that it 1s close to the value for the 


central bond in butadien We also estimate the bond energies of bonds formed by 


sp* carbon atoms, and fin at the apparent “resonance e vy’ of butadiene can be 


ascribed quantitatively vark n bond ener; th hybridisation 
In the third sectior : consider the status of co gation in general terms: we shall 
conclude that the na picture 1s correct that resonance 1s important 


only in molecules for which more than one classical (ur ited) structure can be written 


The ¢ dence for bon 
Five lines of evidence are commonly quoted as evidence for the delocalisation of 


bonds in conjugated and hyperconjugated systems” 


(a) The shortening of « bonds in such systems; for example, the single C— 
bonds in butadiene and methylacetylene are approximately 1-46 A in length, much 
less than the value (1-54 A) found in saturated hydrocarbons or diamond 

(+) The fact that the heats of formation uch molecules are greater than the 
sum of their bond energies: and the heats of hydrogenation per double bond are 
less than the heat of hydrogenation o hylene 

(c) The fact tha njugated hydrocarbons such as toluene are polar 

) The fact that nyugatec ynjugated molecules show a light ab- 
sorption very different from that of unconjugated analogues 

(e) The fact that conjugated and hyperconjugated molecules difler in chemical 


reactivity from unconjugated analogues 


(a) It has long been recognised that bonds formed by sp* carbon atoms must 


features 
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be shorter than analogous bonds formed by sp* carbon. Unless the degree of shorten- 
ing can be estimated, no conclusions can be drawn from the lengths of single bonds in 
molecules such as butadiene or methylacetylene. Mulliken ef a/.' and Coulson? 
estimated the length (r,) of the pure sp*-sp* C-C bond by assuming additivity of 
covalent radii, and estimating the covalent radius of sp* carbon by comparison of the 
CH bond lengths in methane or ethane (1-095 A) with that in ethylene (1-07 A). This 
leads* to a predicted value of about 1-50 A for r,. This argument is certainly not con- 
clusive; for there is no theoretical justification for the rule of additivity of covalent 
radi, and it tends in any case to fail for hydrides 

(b) Likewise the bond energies of bonds formed by sp* carbon must be greater 
than those of analogous bonds formed by sp* carbon. This obviously invalidates any 
calculations of “resonance energies” by comparison of observed heats of formation 
with those calculated from current tables of bond energies; for the latter are based on 
the assumption that bond energies are unaflected by changes in hybridisation. Thus 
the C=C bond energy is deduced from the heat of formation of ethylene by assuming 
that the bond energies of the CH bonds are the same as in a paraffin; this cannot be 
the case 

The same applies to the calculation of resonance energies from heats of hydrogena- 
tion. Consider the following thermochemical argument, x being the heat of hydro- 
genation of ethylene, / the bond energy of a single bond between atoms R, S in- 


volving sp® carbon atoms and E's the corresponding value for sp* carbon atoms 


CH,=CH, + 2H 
CH, =CH, -- CH, Eun — 


2 CH,—CH, C,H,, 


The “resonance energy” of butadiene is defined? as the difference between the 
heat of hydrogenation of butadiene and that of two molecules of ethylene. Clearly 


this will include a term £,. given by 


which represents the effect of the different hybridisation of the carbon atoms in the 


unsaturated and saturated hydrocarbons. Obviously £, has nothing to do with de- 
localisation of electrons or resonance; and unless we can estimate £, and show it to 
be less than the observed “resonance energy’, we cannot tell from heats of hydrogena- 
tion whether resonance ts, or is not, important in butadiene 

Exactly the same situation arises in the case of hyperconjugation, as is shown by the 
following argument for propene 


* Recent estimates of the CH bond let 


butene-1) 
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more dek 


the electrons must b« 
more highly deloc 
The arguments for delocalisatior resonance in simple conjugated systems, o1 
hyperconjugated systems, are therefore inconclusive 


Obviously there are systems 
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which delocalisation must be important; for example, benzene or graphite, where all 
the bonds have the same length. But the extrapolation to systems such as butadiene 


or propylene has no justification. We have also seen that most of the current inter- 


pretation of the thermochemistry of carbon compounds needs complete revision. 


Pre liminar} estimate of tite le neth of the ( (sp*) ( (sp*) hond 


Accurate measurements of bond lengths in a variety of compounds containing 


triply bound carbon have shown* that the lengths of adjacent C-C single bonds are 


constant to within two or three thousandths of an angstrém, having the values shown 


in Table | 


TABLI EQUILIBRIUM LENGTHS OF VARIOUS CC BONDS 


Bond Equilibrium length (A) 


0-00] 


460 


( ( 0-002 


[he same value for the “hyperconjugated’’ C-C single bond is observed not only 


in a range of methylacetylenes, but also 


acetonitrile and trifluoroacetonitrile: and 


the value for the “conjugated” single bond is likewise the same in cyanoacetylene or 


cyanogen as in polyacetylenes. The constancy of these bond lengths in compounds 


of very different types, and the fact that the contraction (0-082 A) in passing from an 


sp’—sp” bond to an sp*—sp one ts, within the limits of experimental error, the same as 


that (0-080 A) in passing from an sp*—sp bond to an sp—sp one, suggest very strongly 


indeed that the contractions are due to a change in covalent radius of carbon with 


hybridisation and not to any resonance or delocalisation effect 


If one assumes that the covalent radius of carbon is a linear function of its s- 


character, one finds for the covalent radius of sp* carbon (33 per cent s) the value 
0-745 A, corresponding to a value of r,, the C(sp*)—-C(sp*) bond length, of 1-49 A 


This argument suggests that the values assumed for r by previous workers are too 


great 
Table | also gives values® for the bond lengths in ethylene and allene. Here no 


resonance effects are possible and the contraction in allene must be due to the different 


hybridisation (sp) of the central carbon atom. If we assume that the change in hy- 
bridisation affects the lengths of single and double bonds equally, we then find for the 


various covalent radii of carbon: 


® See L. F. Herzberg and B. P. Stoicheff, Nature, Lond. 175, 79 (1955) 
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(sp*){sp) — 0-08 A : — 0-044 A 


whence: 
(sp*)sp*) 0-036 A 


and so 
r, = 1543 — 2(0-036) = 1471 A (9) 


This argument is uncertain at two points. First, the length of the C=C bond in 
ethylene is uncertain, a recent study* by electron diffraction having given the value 
1-334 A. This value implies r, 1-43 A, which seems too small. Secondly, the as- 


sumption that changes in covalent radius affects both C-C and C=C bond length 


equally is suspect, though one can show that the differences should not be large 


Inclusion of « bond compression energy in MO calculations 

A second estimate of r, was obtained in the course of a different investigation, one 
which led us to consider in detail the properties of bonds involving sp* carbon atoms 

Various attempts’ have been made to include o-bond compression in MO calcula- 
tions: most of these have either used unrealistic (parabolic) potential functions, or 
have depended on symmetry properties of special molecules (¢.g., benzene) No 
general method has been published for including in MO calculations the effects of o- 
bond compression, using an arbitrary potential function. The following considera- 
tions provide such a method 

Making the usual assumption that o and = electrons can be treated independently, 


we can write the total energy (£) of a conjugated molecule in the form 

(10) 
where E. is the total energy of the z electrons and E£, is the energy required to compress 
the « bonds to the lengths they have in the actual molecule. We may write 


(11) 


where ( is the compression energy of the o bond between the (adjacent) atoms /, s§ 


Now in the simple Hiickel treatment, with or without inclusion of overlap 


(12) 


where g,, p,; are the w-electron charge density at, and Coulomb integral of, atom /; 
and p,,, 8,, are the bond order and resonance integral of the bond between atoms | and 


j. Combining equations (10) and (12) 


(14) 


7 ES. Lennard-Jones. Proc. Roy. Soc. A 158, 280 (1937): H. C. Longuet-Higgins and F. H. Burkitt, 
Trans. Faraday Soc. 48, 1077 (1952° 


(8) 
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Since 8, c and p are all one-valued functions of bond length, so also is 8’. Moreover 
equations (12) and (13) are identical in form. It follows that if we carry out a Hiickel 
treatment, replacing 8 by £’, and making the treatment self-consistent for the variation 
in 8’ with bond length, we obtain a value for E instead of E,; and the corresponding 
values of the bond lengths are those which minimise E£, the tota/ energy of the molecule. 
This treatment therefore allows explicitly for the effect of c-bond compression. To 
complete the calculation, we need to know § as a function of bond length. This can 
be done as follows. Consider the conversion of a pure C-C single bond of length r, 
to a double bond of length r. This can be done in stages (Fig. 1). The bond is first 


Fic. |. Estimation of 8 as a function of bond length 


compressed to length r, with an increase in energy C’, equal to the compression energy 
of the single bond; and then the 7-component is introduced, with a change in energy 
calculated by MO theory as some function /(§) of £. 

Now the energy change can also be estimated in another way. First we convert 
the C-C single bond of length r, to a C=C double bond of equilibrium length ry, 
the energy difference being equal to the difference between the C=C bond energy 
(Ecc) and that (E’ cc) for a single bond between sp* carbon atoms. Next we stretch 


the double bond to length r, with a change in energy C’’. Equating these two estimates: 


(15) 


whence 
(16) 


In this equation Ec. ¢ is known, and C” can be found from any suitable potential 
function. In order to estimate 8, we also need to know E’¢c¢ and C’, It is natural to 
assume Morse functions for calculating compression energies; if so, the function for 
C’ will involve r, and E’ ¢c, and that for C’’, r, and Ec. ¢. This shows why we became 
interested in estimating r, and 

Note that, although the above argument has been based on the simple Hiickel 
form of the MO method, exactly the same treatment can be used in the SCF approach; 
for the one-electron terms in the Roothaan equations are identical in form with the 
Hiickel expressions, and so if the one-electron resonance integrals 8 are replaced by 
the modified quantities 8’ [equation (14)| the SCF treatment will automatically lead 
to results corrected for o-bond compression. Since solution of the Roothaan equa- 
tions involves in any case an iterative procedure, no extra labour would be involved 
in this refinement 

In our preliminary work on bond lengths we have used the Hiickel treatment, but 
we plan to carry out similar calculations by the SCF method. 


A second estimate of r,, and estimates of E° ¢;¢ 
The treatment outlined in the previous section can be used to estimate bond lengths 
in conjugated systems in terms of the quantities r, and E’c¢c. We were thus able to 
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calculate* the bond lengths in benzene and graphite in terms of these quantities; the 
resulting expressions could be treated as a pair of simultaneous equations for r, and 
E’ ec. and we were able to solve these with the aid of a digital computer. The results 


were: 


1-479 A: E' ce 100 kcal/mole (17) 


The agreement of r, with previous estimates, and with the experimental value for the 


length of the central bond in butadiene, is remarkable, and certainly supports the idea 


that the length of that bond is not due to any significant resonance effects in butadiene: 


for the calculation treated r, and E’¢¢ as a pair of parameters whose values were in no 


way prejudged 
The values given in equation (13) were checked in three independent ways. First, 


the calculations also led to values for the total heats of formation of benzene and 


graphite, and these agreed well with experiment. Secondly, the values for r, and E’' ¢« 


fitted well an empirical relation between bond energy and bond length, the derivation 
of which is described below. Thirdly, the resulting bond energies led (cf. equation (1)} 
to a predicted heat of hydrogenation of butadiene in good agreement with experiment; 
this point, which is discussed in detail later in this paper, shows that both the central 
bond length and the heat of hydrogenation of butadiene can be consistently inter- 


preted with a non-resonating model 


Empirical relations between bond energ) and bond length 
Glockler* and others have shown that the heats of formation of carbon compounds 


can be consistently interpreted on the assumption that bond energy is a one-valued 
function of bond length. We preferred, however, to derive new relations of this kind 


for CC and CH bonds, since we felt that the published ones were open to criticism 


We adopted three-parameter relations of the form 


E = + dere? + (18) 


for both carbon-carbon and carbon—hydrogen bonds. The six parameters were evalu- 


ated by assuming the heats of formation (with / 170 kcal/mole) and bond lengths 


for diamond, methane, ethane, ethylene, benzene and acetylene, the spectroscopic 


bond lengths being corrected for residual energy to make them compatible with 


thermochemical data. The relations so obtained for the bond energies (in kcal/mole) 


at 25° were 


1140-593 3252-755 1991-129 
(19) 


r= 


1125-03 2477-006 1376-444 
(f cH) (20) 
r 


Asacheck, the heat of atomisation of graphite was calculated, the value (171 kcal/mole) 


being in satisfactory agreement with experiment. The values for r, and E’ee in 


equation (17) fit equation (19) 


* These calculations were carried out by the simple MO treatment, with inclusion of overlap: the 


overlap integrals were those calculated for SCF AO’s 


®* G. Gieckler. J. Chem. Phys. 21, 1242, 1249 (1953); J. Phys. Chem. 61, 31 (1957) 
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The corresponding values of bond lengths and bond energies for the various CC 
and CH bonds are listed in Table 2; here £, and r, are the equilibrium values for the 
bond energy and bond length, and E, and r, are the values appropriate to thermo- 
chemical calculations at 25°C. 


TABLE 2. BOND ENERGIES AND BOND LENGTHS FOR CARBON BONDS 


Bond lengths (A) Bond energies (kcal/mole) 
Bond 


Conjugation energies and resonance energies 
With the values in Table 2, we can estimate the spurious “resonance energy” E,, of 


butadiene from equation (2) 


(100-4 83-9) 2(100-9 7: 9-1 kcal/mole 21) 


This value is actually greater than the experimental “resonance energy” of butadiene 
relative to two molecules of ethylene, which from heats of hydrogenation is found to be 
8-1 kcal/mole. This implies that conjugation effects in butadiene are unimportant— 
in which case the central bond must be essentially a single bond, and its length (~1-46 
A) a measurement of r,. The agreement with r, is within the limits of error claimed 
for the electron-diffraction measurements 

A further check was provided by a self-consistent treatment of butadiene by the 


method indicated above (equations (10) to (16)). The results were as follows: 


Assumed initial values for bond lengths 
Final self-consistent values 


Calculated resonance energy, —-0°5 kcal/mole. 


These results provide useful confirmation of the argument in the previous paragraph; 
evidently conjugation alters the bond lengths and total energy very littlke—so that the 
length of pure single and double CC bonds must be close to those observed in buta- 
diene. The discrepancy between theory and experiment is, however, serious; reasons 
will be given later for believing that the simple MO treatment, though excellent for 
aromatic molecules such as benzene or graphite, should be less successful for butadiene. 


Note that the resonance energy is negative. This negative “resonance energy” is 


| 
a. 
wl 
r, ro E, 
1-353 131-6 129-1 
7" 
19° sp? 102-2 100-4 4 
sp” sp” 
1-540 1-543 82-5 93.0 
sp 
C-H 07 
100-9 
sp | 
E, 
1:2, 1-359 A 2:3. 1-445A 


174 M. J. S. Dewar and H. N. SCHMEISING 


compensated by a greater decrease in o-bond compression energy Delocalisation 


occurs at all only in order to reduce the o-bond compression energy, not because 


it is favourable in itself. The overall stabilisation is very small 


This argument is illustrated still more strikingly by benzene The empirical 


“resonance energy” R is given by the difference in heat of hydrogenation between 


benzene and three molecules of ethylene 


47-9 kcal/mole (22) 


Now a Kekulé structure for benzene contains three single bonds between sp* carbon 


atoms; the total spurious “resonance energy R,. due to hybridisation effects ts 


given by 


24-3 kcal/mole 


R 


The “true” resonance energy R, of benzene is then given by 


(24) 


23 6 kcal mole 


R, 


But this still includes differential effects of o-bond compression. The total compression 


energy of the bonds in three molecules of ethyienc 1)5 kcal mole, that of the six 


a bonds in benzene 19 ACal MOl¢ Therefore benzene is stabilised to the extent of 


10-8 kcal/mole by the relief of o-bond strain. Consequently the real resonance energy, 


R if benzene. due to decrease in total 7 energy, 1s given Dy 


10-8 12-8 kcal/mole (25) 


In other words only about a guarter of the “observed resonance energy” of benzene ts 


due to resonance: half is due to changes in bond energy of carbon bonds with hybridisa- 


tion, and a quarter to the relief of o-bond strain. The relief of strain 1s much greater 
than in the case of butadiene simply because the symmetrical structure of benzene 
allows a uniform sharing of = clectrons—and so a uniformity of bond lengths 


ss of 


withoul 


If resonance is unimportant in the ground state of butadiene, it must be completely 
unimportant in hyperconjugated structures such as propene The “resonance energies” 
of h molecules must arise entirely from changes in bond energy with hybridisation 

equations (3) to (5)|. This idea is supported very strongly by the data® in Table 3; 


the hnyperconjugauion cnergics of monoalkvlethylenes are remarkably constant, and 


the mean |! yperconjugation cnergics of both sym- and as-dialkylethylenes are in each 


case almost exactly double the value for monoalkylethylenes. It certainly seems very 


reasonable to ascribe the hyperconjugation energy (HCE) to a hybridisation effect 


equation ()) 


We may take the mean hyperconjugation energy per alkyl group to be 2:3 kcal/mole 


Hence from equation (5) 


EE” E (E’ on Een) 89-9 kcal/mole (25) 


*G K Sstiakowsky J Ruhoft H So th and W I Va ghan j (hem. Son 58 137 
146 (1936): M. A. Dolliver, T. L. Grest Gy. B. Kostiak sky and W. E. Vaughan, /hid. 59, 831 
(1937): M. A. Dolliver. T. L. Gresham. G. B. Kistiakowsky, H. A. Smith and W. E. Vaughan, 
440 (1938) 
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TABLe HEATS OF HYDROGENATION” AND DERIVED HYPERCONJUGATION 
ENERGIES (HCE) OF OLEFINES (kcal/mole) 


C,H, 


MeCH =CH, 
EtCH=CH, 
AmCH CH, 
Pr'CH—CH 
Bu'CH=—CH 

CH-—CH, 


H 


CH 
CH=CH 


Me.C CH 
MeH¢ CH 
MePr'C CH 
MePe CH 


Mean HCI 


The corresponding value for the bond length (equation (19)) is found to be 
(sp?) — (sp*): 1-523 A (27) 


rhe value reported for the exocyclic C-C bond in toluene (1-51 A) agrees with this 


within the limits of experimental error. 


| 
| | 
30-12 
“4+ 
30-33 
10-34 
( 
10-26 
CH,——-CH= CH 
Mean 
28-34 
Sth) 
17-94 
Mear 0? 
Mean HCI 
i? B tene 6? 
Butene-2 
Pe tence 2 ? 7.9 4 
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cy Pentene 17.02 
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Conjugation and resonance 
The arguments given above suggest that resonance is unimportant in a molecule 
such as a polyene or olefine for which only one classical (unexcited) structure can be 
written. The “evidence” commonly quoted for resonance in such systems can be better 
interpreted in terms of changes in bond properties with hybridisation 
A different situation arises in aromatic compounds, and in odd conjugated systems 
(ions, radicals, and compounds such as cyanin dyes, which are iso-conjugate with 
carbanions). Here the bonds have intermediate lengths and the molecules possess 
stabilities greater than one would expect on the basis of hybridisation changes alone 
It would appear, therefore, that a naive form of the resonance theory, in which 
excited structures are neglected, gives a good qualitative account of conjugated systems 
This conclusion conflicts with the results of direct calculations by the MO method, 
which require considerable delocalisation of the = electrons in polyenes and corre- 


sponding changes in the 


lengths of bonds. This discrepancy can be ascribed to a 
neglect of electron correlation 

Two types of correlation can be recognised in 7-electron systems correlation effects 
tending to keep electrons in different AO’s, and correlation effects tending to keep 
electrons on opposite sides of the nodal plane. Only effects of the first kind are taken 
into account in normal SCF MO calculations, even if conhguration interaction ts 
included. Now the second type of correlation enables electrons more easily to occupy 
similar positions along the carbon chain; it is due to neglect of this effect that the 
integrals representing mutual repulsion of pairs of electrons occupying the same A¢ y's 
are overestimated in the usual treatment. As a result the SCF MO method must over- 
estimate the delocalisation of electrons along the chain, even if conhguration inter- 
action is included. The success of the Pariser—Parr treatment, and Moffitt’s “atoms- 


in-molecules” treatment, are undoubtedly due to their correction of these integrals 


in this way they allow implicitly for the second type of electron correlation. These 
treatments should lead to pictures of molecules in which electron delocalisation ts 
greatly reduced: Berry'® has indeed found that an atoms in-molecules treatment of 
butadiene leads to a picture of the ground state which corresponds closely to complete 
fixation of the | : 2 and 3 : 4 double bonds 

This question could be resolved only by direct calculation of 7-electron distribu- 
tions and energies by treatments in which electron correlation is explicitly taken into 
account. The following intuitive argument does, however, suggest that an exact 
treatment will lead to a picture close to that given by simple resonance theory, 1.¢ 
one in which resonance effects are significant only in molecules for which more than 
one classical structure can be written; and it also explains the success of current MO 
theory in dealing with aromatics and odd conjugative systems as well as its failure 
in the “classical” conjugated systems for which only one resonance structure can be 
written 

Consider the four = electrons in butadiene, occupying the two lobes of the 7 orbital 
Mutual repulsion will tend to keep them apart; we may therefore expect at any instant 
to find two in each lobe. The two electrons in a given lobe will repel each other; they will 
also tend to linger in the regions between nuclei where the nuclear field is strongest 
Hence the most probable distribution of the electrons should be that indicated in Fig 


2(a): these correlation effects will therefore tend to make the 7 electrons congregate 


© J. S. Berry, J. Chem. Phys. 26, 1660 (1957) 
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im pairs in the terminal bonds—thus accentuating the difference between “single” 


and “double” bonds and making the molecule approach more closely its single classi- 


cal structure 


Fic. 2. Correlation diagrams for: (a) butadiene; (b) benzene: (c) the ion C.H 


Now consider benzene. Here again the 7 electrons are most likely to be evenly 


distributed between the two 7 lobes, and to occupy alternate bonds: but here the two 


sets can be staggered (Fig. 2b) so that there is an average one 7 electron per bond. 


Here correlation effects do not hinder delocalisation of the = electrons over all the 


bonds in the conjugated system. The same thing can happen in “‘odd” systems such as 


the pentadienate cation (Fig. 2c) 


A little consideration will show that if the electrons in a given 7 lobe occupy 


alternate bonds, they must distribute themselves in accordance with a classical struc- 


ture for the molecule. Therefore, if only one classical structure is possible, both sets 


of w electrons distribute themselves likewise, and this correlation effect makes the 


molecule approach the classical structure more closely than one would otherwise 


expect. If more than one classical structure can be written, the two sets of z electrons 


can conform to different structures, giving the effect of electron delocalisation. This 


provides an elegant explanation for the success of simple resonance theory 


Although these arguments have been applied to conjugated systems they must also 


apply to systems which are hyperconjugated. One may therefore expect significant 


resonance effects due to hyperconjugation only in ions or radicals, when more than 


one unexcited (classical) structure can be written. The fact that some of these are 


“no-bond” structures does not matter; the total number of real bonds is the same in 


all. This is illustrated in Fig. 3 for the ethyl cation 


Classical structures for the ion C,H note that in each case there are six real 


covalent bonds 


Conjugative stabilisation 
The special chemical properties of benzene arise from its abnormally large heat 


of formation; this extra stability, compared with unconjugated analogues, is an experi- 


mental fact, and its efficacy is independent of its theoretical interpretation. The use 


of the term “resonance energy” for these experimentally measured quantities is there- 


fore unsatisfactory, particularly since the argument given above suggest that only a 


small part of the extra heat of formation is due to resonance. It would be much better 


if the experimentally measured stabilisations were described as stabilisation energies. 


the term resonance energy being reserved for that part of the overall stabilisation that 


is due to delocalisation of electrons. 


(a) (b) (c) 
H H H H H H 
H—C—( H—C=C H—C=C C=C 
H H H H H H H H 
3 
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In most published work, “resonance energies” have been estimated by comparison 
with “reference compounds”; for example, the “resonance energy” of benzene is 
commonly given as the difference in heat of hydrogenation between three molecules 
of cyclohexene and one of benzene. Our arguments indicate that this procedure is wrong 
in principle. A molecule such as cyclohexene is conjugatively stabilised by the presence 
of bonds of a type (sp*-sp*) that are absent in benzene; the resonance energy found in 
this way is not only ambiguous (since it depends on the arbitrary choice of a reference 
compound) but it also contains irrelevant contributions from hyperconjugation in the 
reference compound. There will also be irrelevant steric effects, owing to conforma- 
tional differences (e.g., between cyc/ohexane and cyc/ohexene) 

Conjugation energy should be defined as the difference in heat of hydrogenation 
between the compound in question, and an appropriate number of molecules of 
simple compounds such as ethylene in which neither conjugation nor hyperconjuga- 
tion is important. The same quantity can be calculated without difficulty from heats 
of combustion. Conjugation energies so defined are unambiguous and have an obvious 


chemical significance 


Further evidence for the effects of hybridisation 
After the calculation described above had been completed, Bastiansen er al.* 
described a precision study of cyclooctatetraene by electron diffraction, leading to the 


bond lengths listed in Table 4 


i 


4. BOND LENGTHS (A) IN ETHYLENE’ AND cyc/OOCTATETRAENE 


Ethvlene |-334 0-005 1-085 0-005 


cyclooctatetraene 1-462 0-00! 1-334 0-001 1-090 — 0-005 


Now the bond angles in cyc/ooctatetraene preclude any significant resonance 


interaction between adjacent double bonds; the lengths of the CC bonds should 
therefore approximate closely to those of pure double and single bonds between sp* 
carbon atoms. The C=C bond length in fact agrees exactly with that found for 
ethylene by Bartell and Bonham*; but the value (1-462 A) for the C-¢ bond is, if 
anything, /ess than that for the central bond in butadiene 

These results seem to provide unequivocal support for the argument developed 
in this paper. Moreover, the heat of hydrogenation of cyc/ooctatetraene agrees very 
closely with the value calculated from equation (1), using the bond energies listed in 
Table 2. It seems difficult to escape the conclusion that resonance effects are indeed 
unimportant in the ground state of butadiene 

The bond lengths for sp? carbon listed in Table 2 are, however, probably a little 
too large, owing to our assumption of the old value (1-353 A) for the C=C bond. 
We are investigating this matter in detail; it seems unlikely that our general con- 


clusions will be affected. 


A4cknowledgements—We are greatly indebted to the General Electric Company Ltd., for computa- 
tional facilities, including the use of a HEC 2M computer 
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POSSIBLE EFFECT OF HYPERCONJUGATION ON 
SOLVOLYSIS RATES OF BENZHYDRYL CHLORIDES* 
AND SPECTRA OF RELATED COMPOUNDS+ 


W. R. Moore, Erich Marcus, S. E. FENTON? and R. T. ARNOLDS§ 


School of Chemistry, University of Minnesota 


Abstract—The near ultraviolet absorption spectra of a series of benzcvc/oalkenes have been deter- 
mined. A minimum in the absorption band near 270 my has been observed for benzcycloheptene 
It appears significant that this same inflexion occurs in the solvolysis rates for the related benzhydry| 
chlorides. The data indicate that hyperconjugation plays an important role, and an explanation is 


offered in terms of the Franck—Condon principle 


THE absorption band near 260 my in benzene is caused by the transition of a z electron. 
For reasons of symmetry, this transition is a so called forbidden transition, and leads 
to an absorption band of low intensity.’ 

Methyl substitution in benzene causes a shift towards longer wavelengths and 
brings about an intensification of this band. Molecular orbital calculations have led 


to the conclusion that the bathochromic shift of this O, O band results from hyper- 


conjugation.” The intensification of the transition by alkyl groups is associated with 
1 


a transition moment produced by a migration of charge into the benzenoid ring.*: 
According to Mulliken,® “this migration of unsaturation-electron charge implies 
hyperconjugation.”” 

Furthermore, a decrease in wavelength, as well as in intensity, for the O,O band 
in alkylbenzenes follows the order: toluene, ethylbenzene, isopropylbenzene and 
tert.-butylbenzene. This order can be explained by a decrease in the contribution by 
hyperconjugation,® although an alternative explanation has been proposed.’ 

For reasons which are not completely understood at present, the effect of alkyl 
groups on the absorption in the near ultraviolet region by aromatic compounds is not 
consistent. For example, in contrast to the “hyperconjugative order’ mentioned 
above for the aromatic hydrocarbons, the intensities of the absorption bands for para- 
alkyl-substituted nitrobenzenes and aromatic ketones follow an “inductive order” 
(i.e., tert.-butylbenzene > isopropylbenzene > ethylbenzene > toluene).*® 


* From the Ph.D. Thesis of W. R. Moore, University of Minnesota (June 1954 
+ From the Ph.D. Thesis of Erich Marcus, University of Minnesota (June 1956). 
+ School of Chemistry, University of Minnesota 

§ Alfred P. Sloan Research Associate, Columbia University. 
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butene (peaks only) ( vclopentene ( ); benzcyclohexene 


benzcyclooctene *nzcvcloheptene ) 


Of particular interest in the present study is the effect of cyclization on the absorp- 
tion spectra of 1,2-dialkylbenzenes. Remart-Lucas and Hoch*® compared the spectra 
of o-xylene and indan in the region near 270 mp and concluded that the absorption 


bands for these two compounds—aside from mere fine structure—were essentially 


the same. This conclusion, referred to in later review articles,’® ** is not in agreement 
with our data, which show that the O,O band in indan (benzcyc/opentene) 1s some 
sevenfold more intense than that for o-xylene 

lable 1 summarizes pertinent absorption data for a series of 1,2-dialkylbenzenes 
(1) and Fig. 1 provides more detailed information on several of these 


It is apparent from Table 1 that all of the 1,2-benzcyc/oalkenes which we have 
studied absorb more strongly near 270 my (i.e., the O,O transition) than does o- 
xylene. This same generalization holds also for the more highly substituted derivatives 
® P. Remart-Lucas and M. J. Hoch, Bull. Soc. Chim. Fr. (5) 2, 327 (1935) 


R_ Jones. Chem. Rev. 32, 28 (1943) 
1! G. Kortiim and G. Dreesen, Chem. Ber. 84, 182 (1951). 
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TABLE |. ULTRAVIOLET ABSORPTION OF 1|,2-DIALKYLBENZENES (I) 


Compound \ max € max max 
(mp) (95°. ethanol) (isooctane) 


(1860)!? 


1450 


o-Xylene (204), (212)! 


o-Diethylbenzene (200), (208)'* 


4,5, positions.”” In addition, it will be observed that the 


having substituents in the 1,2, 
intensity of absorption drops rapidly from benzcyc/obutene to benzcyc/oheptene, and 


then a small but definite rise occurs for benzcyc/looctene. 

rhis inflexion, in the absence of other data, might not have been regarded as sig- 
nificant. We are intrigued, however, by the fact that this same inflexion has been 
found in the first-order solvolysis rates for the substituted benzhydryl chlorides (II), 


as shown in Table 2.* 


TABLE 2. RELATIVE RATES OF SOLVOLYsSIS (90 ACETONE) 
OF (II) 


Relative rates Activation energy 
(kcal mole) 


* It is intended that the preparation of and kinetic data for these compounds will be given in 


detail in a subsequent article 


12M. P. Cava and D. R. Napier, J. Amer. Chem. Soc. 78, 500 (1956) 

'S Amer. Petroleum Inst. Res. Project 44, Serial Nos. 43 and 55 (1945). 

'* Amer. Petroleum Inst. Res. Project 44, Serial Nos. 77 and 186 (1945, 1947) 

' Erich Marcus, W. M. Lauer and R. T. Arnold, J. Amer. Chem. Soc. 80, 3742, (1958) 
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n=3 273 || 1500 
n 4 274 627 620 
n 5 271 29? 277 
n 6 272 344 325 
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0 25 
3 2-94 2:42 16°4 
4 1-62 1-56 17-3 
5 1-00 1-00 17-6 
6 1-25 1-19 17-3 
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It is possible of course 


however 


that the inflexion which has been found to be a common 


An examination 


feature of the above-mentioned spectral and rate studies may be fortuitous 
to believe otherwise 
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Although we recognize the importance of steric effects which may increase solva- 
tion energies*: '* and lead to a diminution in the solvolysis rates of benzhydryl chlorides, 
it should be pointed out that the variations found in Tables 1 and 2 can be 
rationalized in terms of steric factors which could determine, in large part, the 


extent to which hyperconjugation comes into play in these molecules 


DISCUSSION 


Let us now consider in more detail the geometry of tetrahydronaphthalene and 


indan, because it is in these cases where the most significant change in extinction coeffi- 


cients occurs. The ground state of tetrahydronaphthalene is represented by (A) and 


the partial (and exaggerated) formulae—which represent conformations—by (B) and 


(C’), as follows 


letrahydronaphthalene, because of its “zig-zag” structure, has stable conforma- 


tions (B and C) such that C, and C,, are alternately above and below the plane of the 
: ring and C, and C, are here assumed to be slightly above or below the plane of the 
: ring, depending on the positions of C, and C..* 


The excited state—in which hyperconjugation plays a more prominent role—is 


indicated below by formula (D) and a crude representation of the extreme conforma- 


tions by (£) and (F) as seen from a point in the plane of the benzenoid ring 


it is expected that a stronger bond will exist at C.-C, and 


In the excited state 


 o ( . For purposes ol simplification let us consider the ( a | A) out-of-plane 


vibrations. Out-of-plane vibrations of the C.-C, bond in the excited state should have 


a smaller amplitude than the same vibrations in the ground state. If a plot is made of 


the potential energy of this model against the angle (@) of out-of-plane vibration, the 


picture shown in Fig. 3 will be obtained 


According to the Franck—Condon principle, the angle @ cannot be changed during 


an electronic transition. Therefore, the transition is forbidden for those molecules 


where @ #,. The fraction of molecules that can make the transition is a factor in 


determining the transition probability and, therefore, the absorption band intensity 


In benzcyc/obutene (1: n 2), the conformations in the ground and excited states 


must be very similar. According to our view, this would account for the high absorp- 


tion observed for this molecule, and leads us to predict a high rate of solvolysis for the 


corresponding benzhydryl chloride when it finally becomes available 


* We thank Dr 


Bryce | 


Crawford for stimulating and useful discussions on these points 


"CC. C. Price and W. J Belanger, J. Amer. Chem. Soc. 76, 2682 (1954) 
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Molecular models of th yunds reported on here indicate an extreme oul- 
of-plane position for U methylenic carbon atoms in benz ohepten + 5) 
and an ; at the ; \ offers a reasonable explanation for the 
minima which we are reporting for spectral and rate data in this series 

Finally. a careful examination of Courtauld or Fischer—Hirshfelder—Taylor models 
for benzcyclooctene (1; 7 6) indicates that the molecule can assume many contorma- 
tions, all of which involve a considerable degree of intramolecular crowding. Although 
it includes a great deal of speculation, we have concluded that the difference in the 
amplitude of the C,,—C,, out-of-plane vibrations in benzcyclooctene in the ground 
and excited states should be smaller than that for benzcyc/oheptene, and thus permit 
a greater probability of transition from ground to activated state. This, then, accounts 
for the interesting inflexion referred to earlier in this paper 

Schubert and co-workers® have pointed out, quite convincingly, the difficulty of 


explaining the spectra of p-alkylacetophenones on the basis of hyperconjugation. In 


the course of the present study, we examined the ultraviolet spectra for the benzo- 
phenone derivatives (VII), and the pertinent data are included in Table 3 


Cus j 
“ 
Although indan (1: 3) is not a completely planar molecule, we 
diflerence the out-o! pia e vioravions ro G States 
than that in tetrahydronaphthaiene, a d that its potential-energy 
qualitatively represented by Fig. 4 
j 
\ 
+ 
iA 


myugation or 


LTRAVIOLET ABSORPTION OF DIBENZ< \ KETONES (VII 


(solvent) Ethanol (solvent) 


With ect ng \ } } ) rpuo it Wil ul orde! 


followed abl most the reve nd yI an iflexion 


Possible effect of solvolysis rates 18S 
; 
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HYPERCONJUGATION IN AROMATIC CATION 
COMPLEXES 


A McCautay and A. P 


AROMATIC hydrocarbons, as 1s well known n | e molecular complexes with many 


reagents, such as Silve n.' 1odine* al ivdrogel loride The acceptor molecule 


combines loosely with the 7-electron cl he aromatic ring. We have found 


that alky wzenes also form mole-for-mole complexes wit! BI But, with this 
strong acid, the complexes are of an altog fferent type. A proton adds to a 


definite ring carbon atom, completely transfers | harge to the aromatic hydrocarbon 


and thus brings into play ind > an vperconjugal effects that do not show up 


7 complexes 


of these compiex is obtained by measuring the 


vapor pressure of var ures of HF-BF, and aromatic hydrocarbons. One mole 


of the aromat A th 10 moles of lia nhydrous HI in a closed system 

because the aromatic and HF are immuscibie tw arate phases co-existed. Small 
amounts were added at intervals, and » pressure was measured 

addit 
The measurements are plotted in g. | h , t-line curve for BF, in 

alone shows that BF. in HF obeys Henry's lay o detectable amounts of HBF, are 

hexamethvibenzene and mesitylene break sharply at the point 

to aromatic equ As BF., is added, it reacts mole- 

aromatic until the aromatic ts up, 30, as tl . is added 

the hvdrocarbon gradually dissolves in the HF layer and the mixture becomes homo- 


geneous. Then the pressure rises abruptly and follows a line roughly parallel to that 


for HF-BF, alone 


The complex formed by mesitylene ts less stable than that by hexamethylbenzene 


1. Andrews and ecicr ‘ j 71. 3644 (1949) 
H. A. Bene in lebran 71. 2703 (1949) 
H. C. Brown anc id 3§73 (1949) 

‘th. A. McCaulay and A. P. Lien, J ‘ 73. (1951) 
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Fic. 1. Vapor pressures of nuxtures of HF—BF, and aromatic hydrocarbons 


it exerts a slightly higher BF, pressure in the one-to-one region. The m-xylene com- 
plex is still less stable and approaches 100 per cent association only at relatively high 
BF, pressures. The complexes with o-xylene, p-xylene and toluene are progressively 
less stable. 

Ihe spread between the curve for the three xylene complexes permitted calculation 
of their relative stabilities. But, to get quantitative information for the other methyl- 
benzenes required a series of batch extraction experiments in which the aromatics 
competed with each other for a limited amount of acid. In these experiments, two 


aromatics were dissolved in an inert paraffinic solvent, n-heptane, and were then shaken 


up with HF plus BF,. The aromatic hydrocarbon that showed the greater tendency 


towards complex formation reacted preferentially and dissolved as a complex in the 


HF layer. A typical extraction run with mesitylene and m-xylene showed, in mol per 


cent: 


n-Heptane 
Mesitylene 


m-Xvilene 


Mesitylene was preferentially taken into the acid layer 

To measure this selectivity, single-stage separation factors, called x's, were calcu- 
lated. They were defined as the mol ratios of the two components in the acid phase 
divided by the same mol ratio in the hydrocarbon phase. As a first approximation, 
we assumed that the ratio of the two aromatics in the hydrocarbon phase was equal to 
the ratio of free, uncomplexed aromatics in the acid layer. Then, the x value can be 
looked upon as the equilibrium constant for the reaction 
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TABLE |. RELATIVE BASICITIES OF THE METHYLBENZENES 
p-Xylene l 


Methylbenzene 


Toluene 
p-Xylene 
o-Xylene 
m-Xylene 
Pseudocumene (1, 
Hemimellitene (1, 
Durene (1, 2, 4, 5- 
Prehnitene (1, 2, 
Mesitylene (1, 3, 
isoDurene (| 2 
Pet tamethy lbenz 


Hexamethylbenz 89.000 


1,H 


in which the two aromatics compete for a proton. For this reason, it 1s called the 
relative basicity of the two aromatics 

Experiments were carried out for all of the methylbenzenes, and the « values 
obtained were arranged in Table |. Basicity increases with the addition of each methy! 
group. The xylenes are more hasic than toluene: the trimethylbenzenes more basic 
than the xvlene. But meta orientation contributes most to basic charact Thus, m- 
xylene is by far the most basic of the xylene Likewise, mesitylene, with three meta- 
oriented groups, is far more basic than its tsomers act, it is more basic than two 


of the tetramethylbenzenes, which have only two mefa-oriented groups 


TABLE 2. BASICITIES TOWARD VARIOUS REAGENTS 


Methylibenzene 


Toluene 

p-Xylene 
o-X y lene 
m-Xylene 


Mesitviene 


of He 
ight absory 
ompetitive extraction." 


Si 
( 


The relative basicity values obtained by use of this strong acid are compared in 
Table 2 with those obtained by others using weak electrophilic reagents With the 
weak acids the spread from toluene through metitylene ts small, in no case being greater 
than twofold. In contrast, the spread as measured by the strong acid, HI BF, is 


about 280.000-fold. The strong acid completely transfers its charge to the aromatic 
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ring so that hyperconjugative and inductive effects are more important than they are 
in « complexes formed by the weaker acids. 


Vature of the complexes 


rhe best interpretation of the reaction of complex formation is: 


HI 
BF, 


BF, 1-H BF, 
When the aromatic is added to HF alone, the equilibrium for the top reaction lies far 
to the left, as shown by the fact that aromatics are only slightly soluble in HF. How- 


ever, when BF, is present, the reaction goes to completion because the stable fluoro- 


borate ion 1s formed. For this reason | mole of BF, interacts with | mole of aromatic, 


as was observed in the vapor-pressure and batch-extraction experiments. 


TABLE 3. COMPARISON TIVITIES AND RELATIVE BASICITIES 


Methylbenzene Relative conductivity Relative basicity 


in HI in HF—BF,* 


p-X y lene 
o-Xylene 
Xvlene ) 20 


locumene (| 3 40 


Pseuc 
Hemimellitene (1, 2, 3 40 
Durene (1, 2 140 120 
Prehnitene (1, 2 - 400 170 
Mesitylene (1, 3 ) 13.000 2800 
isoDurene (1, 2, 3, 5- 16.000 6500 
Pentamethylbenzene 29.000 8700 


Hexamethylbenzene 97,000 89.000 


> M. Kilpatrick and F. E. Luborsky, J. Ame 1 5, 577 (1953). 
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More evidence supporting the theory that one molecule of aromatic and one of BF, 
gives two ions instead of an ion pair or a single addition complex is shown in Fig. 2. 
Incremental amounts of a solute, either KF or an equimolar mesitylene-BF, mixture, 
were added to HF at 0°C, and the vapor pressure was measured. The points for both 


KF and for mesitylene-BF, fall along the same straight line, showing that they both 


give the same molal vapor-pressure lowering. If KF forms two particles in solution, 


then mesitylene-BF, must also do the same 
Conclusive evidence that these particles are charged was obtained from measure- 
ments of the conductivities of small amounts of the methylbenzenes dissolved in 


HF.® From these measurements were calculated values proportional to the equili- 


brium constants for the acid—base reaction. These values are shown in the first column 


of Table 3: our values. in the second column. The two sets of figures are in good agree- 


ment, considering that in our work we used concentrations of aromatic in HF that 
were about fifty-fold greater than in the conductivity studies 


The probable structure of the aromatic cation 1s 


Presumably the proton adds directly to a ring carbon atom and the positive change 1s 


distributed to the ortho and para positions by resonance. If one of these positions has 


an alkyl substituent, the positive charge can be further distributed and stabilized by 


hyperconjugation or induction, as shown for the toluene cation 


The arrows represent displacement of the bonding pair, under the influence of the 


positive charge, from their normal position in the neutral molecule. Also, if the aro- 


matic has another alkyl group in the meta positor as does m-xviene the charge can be 


further distributed, by induction and hyperconjugation, to both alkyl groups 


; 
: 
‘ 
: 
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Mesitylene, with three meta-oriented groups, can stabilize and distribute the positive 


charge to all three alkyl groups. 


Effect of change of alkyl group on basicity 
Some idea of the relative contributions of the inductive and hyperconjugative 
effect in stabilizing the cation could be obtained by comparing methyl substituents 


with ethyl, isopropyl and fert.-butyl groups. But a direct comparison has not previously 


been possible because alkyl groups larger than methyl migrate rapidly from one 


ring to another in the presence of HF—BF,. We have recently found, however, that 


the 1,3,5-trialkylbenzenes are exceptionally stable in HF-—BF, and that they maintain 


their configuration long enough for an extraction experiment to be made 


+ 


Therefore, a series of competitive extraction experiments was run with 1,3,5- 


trialkylbenzenes containing methyl, ethyl, isopropyl and fert.-butyl groups. Two 


|,3,5-trialkylbenzenes dissolved in n-heptane were shaken up with HF plus enough 


BF, to complex with about one-half of the total aromatic present. The hydrocarbon 


phase and the acid layer were then separated and were analyzed by gas chromato- 


graphy. A single-stage separation factor, x, was calculated for each pair 


TABLE 4. APPARENT BASICITY OF THE |, 3, 5-TRIALKYLBENZENES 


alkylbenzene 


butylbenzene 
Methyl-3, 5-di-rerr.-butylbenzene 


3, 5-Triisopropylbenzene 


propyl benzene 


rhe x values obtained were arranged in order in Table 4. The basicity apparently 


I hing in the side-chair As the methyl segments of the 


increases with decreas! Dranc 


lertiary butyl groups are replaced by hydrogen atoms, the « values become larger 
The effect on apparent basicity is in the order: methyl! ethyl propyl tert.- 
butyl. Carbon—hydrogen hyperconjugation, therefore, appears to contribute more 


than induction or carbon-carbon hyperconjugatior But before this conclusion can 


be accepted a correction ist be made Ihe equilibrium constant f{« the acid 


base reaction in the HI 


| 
|-Methyl-3 60 
1, benzene 15-45 
|, 3-Diethyl-5-methylbenzene 16-8 
|, 3-Dimethyl-5-isopropylbenzene 20. 
|, 3-Dimethyl-5-ethylbenzene 10-7 
|, 3, 5-Trimethylbenzene 54:4 
is 
{ 
1H K | 
i 
But the single-phase separation factor 
{ 
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Solubilities for all the 1,3,5-trialkylbenzenes in HF were calculated by this means 


and are shown in Table These values were substituted in the equation relating 


to A, the corrected relative basicity. The K values so calculated are shown in the last 
column. No trend is observed as group changes. In going from methyl to 
ethyl to isopropyl to fert.-buty he in carbon—hydrogen hyperconjugation 

inductive effect and in ca n—carbon 


mode of 
iect were 


size and 


hyperconjugation 
electror tne \ SUDS ed ons If niy the nductive 
- involved, an increase in basicity would be expected with ar crease in 77 
. 
& 
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transitions that place a high electron demand on alky! 


Abstract—From the energies of electronic 


substituents (e.g., the “principal” transition of p alkvinitrobenzenes in the gas phase) it is concluded 
that the inherent order of electron release is: Bi PY Ft Me. For RCH, groups larger spreads 
are found the release order: Pe Bu Pr Et Me. A Baker—Nathan effect has been 
found in the princip elk ron-transition energies ot p-alkyin trobenzenes and p alkviacet« phenones 
in basic solvents. This effect attributed to steric hindrance to solvation of the electron-deficient 
aromatic ring in the vicinity of the alky! substituent 
In electronic transitions of the type ll which a substituent is called upon strongly to accept 
negative charge (e.g., the " principa transition of p-alkylphenols in the gas phase) it has been found 
that alkyl groups are apparently better electron acceptors (nan a hydrogen 
Rate constants and heats and entropies ¢ f activation oDta ned in the solvolysis of 3 §-dimethyl- 
and 3.5-di-rert.-butyl-benzhydry! chiorides are compared with corresponding results on mono 
hydry lorides. The assumption that the Baker—Nathan effect in this system 1s 


m- and p-alkylbenzhydry! chiorie 
roups does not satisfactorily account 


due to a H hyperconjugative order of clectron release by ilky or< 
for the results. On the other hand, the results are completely consistent with the viewpoint that the 
Baker—Nathan effect is due to steric hindrance to solvation of electron-deficient sites in the neat 


vicinity of the alky! substituent 


Ir has been pointed out recently that the original theory of Baker and Nathan’ ts 


unable to embrace many facts apparently within its proper province, and three sugges- 


tions for modification or replacement of the theory appeared practically simul- 


taneously ‘ Sweeney and Schubert have suggested that even in the face of a high 


the inherent electron release by alkyl groups may still be in the 


electron demand, 
It was not concluded that C—-H hyperconjugation ts necessarily in- 


inductive order 


operative; only that, if it is operative, other release modes in the inductive order (1.e., 


the inductive effect and possibly ( 


alkyl is attached to a highly electron-deficient unsaturated system.’ An inversion In 


the order of experimental quantities such as rate 


C hyperconjugation) may still predominate when 


and equilibrium constants; i.¢., the 


Baker—Nathan effect is then ascribed to steric hindrance to solvation of electron- 


deficient sites in the near proximity of the alkyl group.® Earlier, Price and Lincoln 


had suggested that a bulky group such as Bu’ may shield the direct reaction site from 


Shiner has suggested that the role of the solvent is to enhance C—H over 


solvation. 
C-C hyperconjugation, by incipient hydrogen-bonding of the solvent with the « 


hydrogens of the alky! substituent Burawoy and Spinner have chosen to neglect the 
solvent, except possibly insofar as it may act to change the demand for 
electrons placed upon the alkyl group They consider the Baker—Nathan effect to be 
to bond shortening, with the alkyl groups releasing only 


role of the 


hindrance 


caused DY Ste 


by the inductive mechanism : 
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Contradiction to the original theory is found mainly in the energies of transitions 
of the type in which the Franck—Condon principle applies, i.e., electronic transi- 
tions.® A specific example is seen in the data of Table 1, which gives the energies 
the so called principal band transition of p-alkylnitrobenzenes and p-alkylaceto- 
phenones in the gas phase. The principal band (also called K-band) has been identified 
as due to a dipolar transition in the long axis of the molecule. It is approximately 
described by the valence-bond structures (1) and (II), which are representative of the 
ground and excited states, respectively.’ 


TABLE |. VALUES OF vy (cm 30 cm~') FOR THE PRINCIPAL BAND 
OF P-ALKYLNITROBENZENES AND Pp-ALKYLACETOPHENONES IN THE GAS PHASE": 


4 


R Me 


p-RC,H,NO, 
p-RC,H,COCH, 
p-RCH,C,H,NO, 


* Nitrotoluene has v max 39970 cm 
+ p-Methylacetophenone has Ax 41860 cm 


For the series R, rows | and 2 of Table 1, it is seen that the stabilization of the 
highly electron-demanding excited state relative to the ground state takes the order: 
Bu' Et Me > H.° The excitation energy of the isopropyl compound of either 
series lies between those of the corresponding fert.-butyl and ethyl compounds, but is 
within experimental error of the ferf.-butyl compound in the nitrobenzene series and 
of both the ethyl and fert.-butyl compounds in the acetophenone series. It is concluded 
from these gas-phase results that the inherent order or electron release is the inductive 
one, at least in these electronic transitions. The order of electron release in the series 
RCH,, row 3 of Table 1, is: Pe” Bu Pr > Et > Me.* Furthermore, neopenty] is 
inherently a more efficient electron-releasing group than either methyl or fert.-butyl. 
Therefore, steric inhibition of hyperconjugation’®: "'; '* is not important in the elec- 


tron-release effects of the alkyl groups, at least for these systems.* 


* The “‘extra”’ activating effect of the neop | group and the relatively large spreads in excitation 


energy for the series RCH, may mean that, in addition to a polarization through the bond to the 


substituent, there is a direct polar! on across space Dy the electron-deficient ring of that portion of 


the alkyl group that closely overhangs the ring.” 


7 W. T. Simpson and A. G. Albrecht, . rem. Sow $455 (1957), and preceding papers 
*W. M. Schubert, J. Robins and J. |! aun Ne! Soc. 79, 910 (1957) 

*W. M. Schubert and J. Robins, J / em. Soc. 80, 559 (1958) 

H. Shiner. Jr.. J. Amer. Chen 2654 (1956) 

11 T. Arnold and W. L. Truett, vem. Soc. 73, 5508 (1951) 

12 G. Baddeley and M. Gordon, J. Chem. Soc. 2191 (1952) 
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The effect of a wide variety of solvents on the principal band transition energy of 
both R series of Table 1 and of p-neopentylnitrobenzene has been determined.*: * 
The important result is that the Baker—Nathan effect was observed in basic solvents. 
That is. for the R series of both the nitrobenzenes and acetophenones, basic solvents 


(water was the most effective) gave a jumbled order of excitation energies tending 


toward a complete Baker—Nathan order. The spread in excitation energy between 


p-neopentyl- and / -methvi-nitrobenzene also was noticeably reduced in basic solvents 


(e.9.. vw VP, 270 in n-butylamine). From these results, it was concluded 
that at least for these electron transitions, the Baker—Nathan effect 1s not caused by 


an inversion in the inherent inductive order of electron release but is due to an indirect 
solvent effect. Explanation of these results can be found in terms of steric hindrance 


to solvation of electron-deficient sites in the near vicinity of the alkyl group Even 
though practically no movement of solvent molecules is allowed in the short time of 
the electronic transition (Franck—Condon princ ple), solvent stabilization by basic 
species at electron-deficient sites in the ring sl ould be greater in the excited state 
than in the ground state of this particular transition." The bulkier the alkyl sub- 


stituent. then. the greater would be interference with solvent stabilization of the 


excited state relative to the ground state and hence the less would be the solvent 


lowering of the excitation energy.* An equally satisfactory qualitative explanation of 
these solvent effects can be found in terms of Shiner’s idea of solvent enhancement of 
C-H hyperconjugation, provided it ts assumed that there is steric hindrance to solva- 
tion of the hydrogens of the neopentyl group. However, steric hindrance to ring 
solvation appears to give a more satisfactory explanation ol the results of a quantita- 
tive treatment of the solution data made in terms of a linear free-energy relationship.‘: * 
Thus there is found a very good linear proportionality between solvent effects for Me 


vs. H compounds, but a relatively poorer proportionality between solvent effects for 


Bu’ vs. H and Pe s.H 
In a search for possible direct evidence for solvent enhancement of C-—H hyper- 


ymparison of the prince pal band excitation energies of p-trideutero- 


obtained are given 


D-NITROTOLUENES 


5 §? 96 70 


Heptane Bu"NH, Bu'OH Dioxan EtOH H.O HCIO, H,SO, HCIO, 


1920 1960 2090 2090 228 


The vep cH, spreads show no detectable tendency predictable on the basis of 
solvent enhancement of C-H hyperconjugation; i.e., the spreads are not markedly 
altered in basic solvents of the type most likely to be involved in incipient hydrogen 
bonding at the x hydrogens (deuteriums). The only discernible trend is a slight in- 
crease IN vcp vens in more acidic solvents. This indicates that the methyl group 


in solution, 1s 


rarety ODS C nei ibuted to the fact that, owing to 
the Franck—Condon principle, the excited electronic states are not maximally solvated 


an 
~~ met and p-methvi-nitrobenzene has been made. The results 
in | thle 
TABLE 2. EXCITATION ENERGY SPREADS Scn 
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has a slightly larger absolute value of the Hammett o constant than the CD, group. 
In fact, a plot of vcHs — vH VS. vc Ds — vw With changing solvent gives a line with a 


slope, ome/oc ps. Of 1-036 0-002 and a correlation coefficient of r 0-999. 


TABLE 3. VALUES OF 20 cm~') FOR THE PRINCIPAL BAND 
OF 4-ALKYLPYRIDINIUM IONS IN 1°, HCIO, AND 4-ALKYL-1-HYDROXYPYRIDINIUM 
IONS IN 9°, HCIO, 


Series R, H Me Bu 


4-RC.H,NH 3820 430 650 900 


4-RC,H,NOH 1680 0 250 350 480 


Series RCH,, R H Me Et Pr Bu 


1910 


4-RCH,C,.H,NH 


1160 


4-RCH,.C,H,NOH 


Methylipyridinium ion has 46.080 cr 
44.000 cn 


The effect of alkyl substitution upon the energy of the principal electronic transition 


of a number of positive ions in solution has been determined. The most complete 


series studied are the 4-alkylpyridinium ions and 4-alkyl-l-hydroxypyridin- 


ium ions. Excitation-energy data for the pyridinium ions in | per cent HCIO, and 


the 1-hydroxypyridinium ions in 9 per cent HCIO, are given in Table 3. Qualitatively, 


the effects of alkyl substitution in these solution spectra is the same as for nitrobenzene 


and acetophenone in the gas phase. That is, the series R follows the inductive order 


of excitation energies, and the same order of excitation energies is followed by the 


series RCH, as by the series R. The spreads in the excitation energy data of Table 3 


are quite large. Note also that the larger H—Me spread for the pyridinium ions com- 


pared to the |-hydroxypyridinium ions is associated with a larger spread among the 


alkyl compounds.* The effects of changing solvent also has been studied, although 


the types of solvents that can be used with these ions is somewhat limited. The solvent 


shifts are small and the same qualitative order of excitation energies was observed in 


all solvents used. The pyridinium ion spectra moved slightly to lower energies as 


solvent basicity was decreased, while the hydroxypyridinium ion spectra moved slightly 


to higher energies. An approximate balance between solvent stabilization of ground 


and excited states is indicated by the smallness of the solvent shifts. This is not sur- 


prising in view of the fact that the excitation involves a redistribution of positive 


charge (equation (2) is a crude valence bond representation of this transition); 1.e., 


the decrease in solvent stabilization at sites decreasing in positivity on excitation 1s 


* Large wavelength spreads, in the inductive order, also are seen in the spectra of a number of 


p-alkyldi- and p-alkyltri-arylmethy! carbonium ions in concentrated sulfuric acid. For example, the 


principal band of di-( p-tert.-butylphenyl)methyl carbonium ion lies 8 my above that of the dimethy! 
homologue.'* However, at the high wavelengths of these principal bands, the spread in frequency is 
only 350 
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approximately balanced by the increase in solvent stabilization at sites increasing in 
positivity. The fact that the solvent shifts are small indicates that the order of excita- 
tion energies observed here probably represents the inherent order of electron release 
by the alkyl substituents in these ansilions The same trends, with less complete 

s, are also four nt ri al | ra of the conjugate acids of p-alkyl- 
on and p-alkylnitrobenzenes in 


acetopnenones 


fuming sulfuric 


in an elec- 
accept electrons 
inisole, aniline 
lts for the 


100-150 are 


a-methy!l 

com- 
« values 
il bands 


transition 


Howeve h naikyi compoul! arly r wavelengths 


than that the corresponding hydrogen compound. In view of the nature of the 
transition, these results imply that alkyl groups are better electron acceptors than 
hydrogen when called upon strongly to accept electrons. This suggests that an alkyl 


group is more readily polarized than hydrogen when attached to a highly electron- 
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rich system as well as when attached to an electron-deficient system.*: ' In general, 
when an alkyl substituent is called upon to accept electrons in a chemical transition, 
it apparently does so less readily than hydrogen. Examples include the base catalyzed 
hydrolysis of ethyl p-alkylbenzoates* '° and activated nucleophilic aromatic substitu- 
tion.”* It seems likely that the substituent is not called upon to accept negative charge 
as strongly as in the above-mentioned electronic transitions. It has been suggested 
that the ability of the substituent to accept negative charge is a function of both its 
electronegativity and its polarizability.*: * Presumably hydrogen as a substituent ts 
more electronegative than alkyl but less polarizable. In that event, it is possible that 
in the chemical transitions the qualitative order of electron acceptance is governed 
primarily by the electronegativity of the substituent, whereas in the electronic transi- 


tions it is governed primarily by the polarizability of the substituent 
y O} 


The Baker—Nathan effect in chemical transitions 
It remains to be seen whether conclusions made about alkyl substituent effects in 
electronic transitions can be extrapolated to chemical transitions. The assumption 
made originally by Baker and Nathan, that alkyl groups release electrons in the C-H 
gative order in the face of a high electron demand, is consistent primarily 
with solution rate and equilibrium data.’ However, if it is assumed that alkyl 
nductive order, whether the demand for electrons be low o1 
ndrance to solvation of electron-deficient sites attached to 
ve the Baker—Nathan effect is consistent a wide variety 


cal data on alkyl compounds 
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a mild Baker-—Nathan effect on the rate constants is observed (Table 6) 


Similar results 


are found in the lvolyses of m-alkylphenyldimethylcarbinyl chlorides in “90 = 
acetone at 25 Despite ill methyl-hydrogen rate constant spread, Berlinet 
and H. C. Brown hay tributed this result to “meta” C-—H hyperconjugation being 
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to the di-fert.-butyl compound. The results of Table 7 show that these expectations 
have been realized 


TABLE 7. SOLVOLYSES OF 3, 5-DIALKYLBENZHYDRYL CHLORIDES 


R Bu 


acetone 

10° sec 

10° sec”! (35) 
4H 
4S 


ethanol 
10° sec 
10° sec 

SH 
is 


Comparing firstly the solvolysis rate constants in “80°,” acetone at 0° (Tables 6 


and 7), it is seen that the second fert.-butyl group has less of an effect than the second 
methyl group in increasing the rate constant. The net result is that the Baker—Nathan 
effect in the rate constants is more pronounced for the dialkyl than for the mono- 
alkyl compounds, a result consistent with the premise that a second /ert.-butyl group 
should enhance the shielding io solvation, of the substituted aromatic ring. Comparing 
it is seen that the heat of activation is significantly lowered by the 
from 20-4 + 0-1 kcal to 20-0 + 0-1 Keal 


heats of activation 
introduction of a second methyl! substituent 
Thus the second methy! substituent has the expected effect of further stabilizing the 
transition state relative to the ground state. By contrast, the introduction of a second 
tert.-butyl group did not decrease the heat of activation. In other words, the effect 
that the second fert.-butyl group should presumably exert in further stabilizing the 
transition state relative to the ground state, through electron release, is balanced by a 
factor tending to decrease stabilization of the transition state relative to the ground 
state. This factor could well be steric hindrance to solvation near the substituent 


Also in agreement with this interpretation is the fact that the entropy of activation is 


significantly greater for the di-fert.-butyl than for the mono-fert.-butyl compound 


Note also that both the heat and entropy of activation are greater for the di-fert.- 
butyl than the dimethyl compound 

In “90°,,” ethanol the results are qualitatively the same as in “80°,” acetone, 
although the differences in kinetic parameters are smaller. As in “80°,” acetone, the 
rate constant in “90°,” ethanol is increased more by a second methyl than by a 
second fert.-butyl group. Also, both 4JH* and 4S* are slightly greater for the 
di-fert.-butyl than for the dimethyl compound 

All the solvolysis results, then, find a consistent interpretation in terms of steric 
hindrance to solvation near the alkyl substituent. On the other hand, the changes in 
rate constants, heats of activation and entropies of activation brought about by the 
introduction of a second meta-methyl or tert.-butyl substituent are difficult to rational- 
ize either in terms of the Baker—Nathan viewpoint or in terms of solvent enhancement 
of C-H hyperconjugation 
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one has to rely on rate differences. A justification of this has been given in other 
cases.” 

Even though accepted by most chemists, the concept of hyperconjugation as an 
explanation for the Baker-Nathan order has never been accepted by all. There are 
probably several reasons for this scepticism. One has perhaps arisen because in the 
valence bond description—in which the concept was first conceived—hyperconjuga- 
tion or “no-bond” resonance structures constitute too much of a departure from views 
based on classical structural organic chemistry. Another reason is undoubtedly the 
very small experimental rate differences on which the concept is based (although 
rate differences showing the generally accepted inductive effect are usually not larger) 
Moreover, some reactions show either order of apparent electron release, depending 
on conditions, or no clear-cut order at all. And finally, the scepticism is not lessened 
by the ease with which practically every case of a Baker—Nathan order can be ac- 
counted for by other means 

It is therefore not surprising that instead of hyperconjugation other explanations 
have from time to time been suggested to account for the Baker—Nathan order.*: 5: ® 
[hese alternate explanations usually endeavor to maintain the inductive effect (or the 
inductive order’) as the only,*: * or the most important, mechanism (or order) by which 
alkyl groups release electrons, and ascribe the experimentally observed Baker 
Nathan order to steric effects of one kind or other, which are assumed to reverse the 
normal inductive order and lead to the reactivity sequence Me Bu’. The present 
discussion will exclude those auxiliary concepts which have been added to modify the 
hyperconjugation explanation, but not to replace it, such as, for instance, steric inhibi- 
tion of hyperconjugation due to lack of proper orbital overlap,* or solvent enhance- 
ment of hyperconjugation,* because these concepts implicitly acknowledge the operation 
of hyperconjugation effects. Also, various suggestions which have been made for 
single special cases, such as relief of steric strain in meta-alkyl groups,” or buttressing 
eflects by meta-alky! groups."' will not be considered. Unanswered will also remain the 


t} 


question if, on theoretical grounds, a methyl group, with three «-hydrogen atoms 


should be more favorable to hyperconjugation than an ethyl group with only two but 


with one z-methyl group, and the latter more than a /ert.-butyl group with no 


hydrogen atoms but with three z-carbon—carbon bonds. This notion, on which the 


original hypothesis was based, *$ not appear to have been worked out by the 


molecular orbital method, in which no distinction was made between hyperconjuga- 


tion involving carbon—hydrogen arbon—carbon bonds 
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various indications, taken from rate and equilibrium data," that a fert.-butyl group 
is capable of a resonance effect, in addition to its inductive effect, and that both carbon 
hydrogen and carbon-carbon hyperconjugation play a role, but that the former is 
more important than the latter, and that their contributions might be in a constant 
ratio. Quantitative correlations between the structure of alkyl groups and their 
reactivities have been uncovered on this assumption." 

In earlier years certain cases of reactivity were ascribed to the Baker—-Nathan effect. 
where it could easily be shown that the rate differences must actually be due to steric 
influences. For instance, substitution ortho to the methyl group by various electro- 
philic reagents in p-fert.-butyltoluene was ascribed to the greater electron releasing 
effect of the methyl group alone,' but an inspection of the partial rate factors for 
ortho substitution easily reveals that the orientation in these cases is predominantly 
influenced by the steric hindrance ortho to the large fert.-butyl group.* The more 
recent alternate explanations for the Baker-Nathan order which deserve the most 
serious consideration, because they are in themselves reasonable and have analogies 
in many reactions not pertaining to hyperconjugation, are those that ascribe the ob- 
served decrease in rate on going from a methyl to a fert.-butyl group to some sort of 
inhibition of solvation by the larger alkyl groups. One ascribes the decrease in rate 
on going from methyl to fert.-butyl to a “bulk effect” on solvent stabilization of a 
polar transition state, even by remote alkyl substituents which prevent solvent dipoles 
from proper orientation.* This explanation was used to account for the relative reacti- 
vities in the alkaline hydrolysis of ethyl p-alkylbenzoates in aqueous acetone, which 
follows an inductive order (i.c., a methyl compound reacts faster than a fert.-butyl 
compound because of a rate-determining nucleophilic attack) and, as expected for 
this effect. it was considered significant that the effect was greater for alkyl groups in 
the meta position, which is closer to the reaction site. A similar decrease in rate on 


increasing the size of substituents was also found in other ester hydrolyses, and the 
suggested explanation may well be of importance in these cases. (It 1s indicative of 
the perplexities one encounters on working with alkylated compounds—although not 
pertinent to the particular point under discussion—that the alkaline hydrolysis of the 
same ethyl p-alkvibenzoates in aqueous ethanol follows a hyperconjugation order.’’) 


The other alternate explanation® postulates that the decrease in rate of a more highly 
branched alkylated benzene derivative is due to inhibition of solvation by alkyl 
groups of electron deficient centers, which develop in the transition state on the 
aromatic ring, at or near the alkyl groups, for instance in the solvolysis of p-alkyl- 
benzhydrvi halides."* This view was developed on the basis of the spectral behavior 
of alkylated compounds and various physical measurements on static molecules, 
where usually the inductive order is observed. Since a fert.-butyl group would have a 
greater “bulk effect” and also inhibit the solvation of the aromatic ring at, or near, the 
carbon atom to which it is attached more than the smaller methyl group, the observed 


reactivity order Me Bu‘ can be accounted for 

(a) E. Berliner and F. J. Bondhus, J. Amer. Chem. Soc. 70, 854 (1948); P. D. Bartlett, J Chem. Educ. 
30. 22 (1953): (b) C. A. Vernon, J. Chem. Soc. 423 (1954); (c) H. C. Brown, J. D Brady, M. Grayson 
and W. H. Bonner. J. Amer. Chem. Soc. 79, 1897 (1957) 

‘R. W. Taft. Jr. and I. C. Lewis, in press. I am indebted to Professor Taft for the personal 
communication prior to pt blication. See 7etrahedron § 210 (1959) 

> £. Berliner. M. C. Beckett, E. A. Blommers and B. Newman, J. Amer. Chem. Sov 74, 4940 (1952) 
C. W. L. Bevan. E. D. Hughes and C. K. Ingold, Nature, Lond. 171, 301 (1953). However, see 
R. L. Herbst and M. E. Jacox, J. Amer. Chem. Sov 74, 3004 (1952) 

‘FE. D. Hughes, C. K. Ingold and N. A. Taher, J. Chem. Soc. 949 (1940) 
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Either explanation is reasonable in itself, and these factors may be important. 
There is also no single clear-cut experiment by which these explanations can be shown 
to be either superior or inferior to that based on hyperconjugation. But while such 
steric factors may be important, it is the present contention that they do not satis- 
factorily account for all of the facts and are not decisive, and it is only when the large 
body of accumulated material is considered that a more consistent picture obtains on 
the hyperconjugation hypothesis. Such data are collected in Table |. This table is 
not complete, nor is it meant to be. Some of the older literature data have been 
omitted, and only illustrative material has been collected which will fit into the three 
listed categories 

On first sight one is impressed by the consistency of the data, which was not the 
case when the concept was first formulated. First of all, in all cases of electrophilic 
substitution in the para position for which exact data are available, a Baker—Nathan 
order is obtained. (Nos. 1-4). The only exception is nitration (No. 21), while rate 
constants for hydrogen—deuterium exchange in the para positions are the same within 
experimental errors.'’ A Baker—Nathan order is obtained for bromination by molecu- 
lar bromine or by positive bromine, for benzoylation in nitrobenzene or in benzoyl 
chloride, as well as in the brominolysis and protonolysis of the trimethylsilyl group 
(Nos. 6 and 7). It is very likely also true for molecular chlorination,'*® for iodine- 
catalyzed bromination’® and for mercuration,®° although not all the necessary data are 
available for an exact comparison. It is also the case for various solvolytic reactions 
of the Syl or limiting case (Nos. 8-11), such as the solvolysis of benzyl halides, 
benzhydryl halides and cuminyl halides in various solvent mixtures, and for some 


S x2 reactions on benzyl halides (Nos. 12-14), in which the spread in reactivity is less. 


as anticipated. Included are also solvolyses of acetylenic and allylic halides (Nos. 15 


and 16) which, although not aromatic, constitute systems where an analogous be- 
havior might be expected. Finally, some equilibrium constants which show the Baker 
Nathan pattern are also listed (Nos. 19 and 20). It is therefore no longer true that the 
Baker—Nathan order is sometimes exhibited in electron demanding processes in 
aromatic systems, but it would be much more justified to say that the Baker—Nathan 
order is rarely not exhibited in such processes 

Because of the rate sequence p-Me > p-Bu’‘, these are the reactions to which the 
alternate explanations apply. Two further observations are worth noting in this 
connection. One is that these reactions were conducted in a variety of solvents, 
but no systematic change in reactivity pattern is discernible. The other is that, while 
the ratio of methyl to sert.-butyl reactivities is not the same in the direct substitution 
reactions, these ratios are not due to a different behavior of the alkyl groups in the 
different reactions, but to the different susceptibility of each reaction to the electron 
demand of the substituting agents, i.e., to different rho values. This conclusion is 
based on the remarkably constant behavior of the methyl group in a great variety of 


substitution reactions, as shown by the excellent quantitative correlation of para and 


’ E. L. Mackor, P. J. Smit and J. H. Van Der Waals, Trans. Faraday Soc. 53, 1309 (1957). This 
seems to be also true for para propylation. See F. E. Condon, J. Amer. Chem. Soc. 70,2265 (1948) 
‘* P. B. D. de la Mare and P. W. Robertson, J. Chem. Soc. 279 (1943). According to a private 
communication from Dr. P. B. D. de la Mare, such data are now available, showing the Baker 
Nathan order for para and the inductive order for meta chlorination. | am indebted to Dr. de la 

Mare for this information. See also Tetrahedron 5, 107 (1959) 
'* E. Berliner and F. J. Bondhus, J. Amer. Chem. Soc. 68, 2355 (1946); also in ref. 13 
*° H. C. Brown and C. W. McGary, Jr., J. Amer. Chem. Soc. 77, 2310 (1955) 
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2} and on the good fit of the methyl and tert -butyl groups in 


meta partial rate factors, 
To put it differently, in reactions in which a large resonance 


the peo relationship 


effect of substituents is called for, the two alkyl groups behave just like many other 


substituents for which the linear free energy relationship holds 


There are some reactions, notably two solvolytic reactions (Nos. 9 and 10), where 


alkyl groups in the meta position also show the Baker—Nathan order. It has been 


reasoned elsewhere™ that if this decrease m-Me m-Bu'. were owing to solvation 


hindrance. a greater spacing between the two groups should be obtained, because 


reaction center. Actually, the spacing of the two groups ts 


para position. A Baker 


they are closer to the 


considerably closer than for the same two groups in the 
Nathan order from the meta position however, 1s an exception and it is of consider- 


able importance that, in practically all cases of electrophilic substitution, meta-alky| 
| 


groups follow the inductive pattern, 1.c., a m-feri -buty! compound reacts faster than 


a m-methyl compound (Table IB). This ts eminently reasonable when the restriction 


is recalled that resonance effects are transmitted preferentially through the ortho/para 
positions, but as a rule not U rough the mefa position, some exceptions not with- 
standing. The meta-alkyl groups therefore affect rates and equilibria mainly through 
their inductive effects.** It is difficult to see how the usually greater reactivity of the 
methyl compound can be accommodated with the solvation 


b j the mefa-alkyl groups are closer to the reaction sites and also any 


ver alkyl group. This is what the 


solvation of the ring must be more inhibited Dy the la 
sternate theories demand, yet in almost all cases the m-ferl -butyl compound reacts 
faster. On the solvation view, onc could. of course. say that the meta alkyl groups 
behave quite normally and their effects need no explanation: but that would not do 
because specific solvent effects would be expected to have at icast the same influence 
with meta- as with para-alkyl groups. Practically the only way to get around this 
difficulty (which does not arisc if electronic eflects are used as the explanation) is to 
postulate that, when alkyl! groups ar attached to the meta position, the demand for 
solvation of the transition stat iS less 

There is a third category of reactions wi ich is well accounted for on the hyper- 
conjugation hypothesis, but less so Dy steric tactor These are reactions which follow 


| 
a Baker—Nathan order of ciectror release. but which, because of a nucleophilic rate- 
determining alt ick. result in the reactivity order H Bu Me (Table Ic) Here 
aromatic nucleophilic displace- 


belong various basic hydrolyses ol ilkylbenzoates 

ments and some others. In these reactions, too, a fer -butyl compound reacts faster 
than a methyl compound Furthermore. the concept of steric resistance to bond 
contraction, advanced to account specifically for the Baker—Nathan order im reactions 


tron-deficient transition state does not seem to offer an ex- 


rougn 
planation for these reactions 


The consistency of the data is persuasive and lends support to hyperconjugation 
as the explanation of the observed reactivities With the various steric effects one 
cannot easily explain why a fert.-buty! compound should ever react taster than a 
methyl compound. These alternate suggestions can be maintained only if additional 
hypotheses are made about varying solvation demands, which essentially amounts to 
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the new hypothesis that, in those reactions in which a fert.-butyl compound reacts 
faster than a methyl compound, rate decreasing solvation factors are not decisive. 
or that they are only decisive where a Baker—Nathan order is observed. It seems at 
the moment more satisfactory to account for the behavior of alkyl groups in terms of 
the two electronic effects, although it is very likely that solvation factors are also of 
some importance 

Phere are many things that are not yet fully explained by hyperconjugation as it 
pertains to the Baker—Nathan order and that need further investigation. Among 
these are the role of the solvent and solvation,*: * solvation assistance,® the stereo- 
chemical requirements of hyperconjugation,*® the significance of the secondary 
isotope effects,*: * the relation between hyperconjugation and hydrogen participation,” 
the importance of carbon-carbon hyperconjugation,"*. and probably others. The 
situation is admittedly complex, because alkyl groups affect rates by three different 
electronic mechanisms, carbon—hydrogen hyperconjugation, carbon-carbon hyper- 
conjugation and the inductive effect, the last two of which reinforce each other. In 
addition, various solvation and specific solvent effects, as well as steric factors, must 
play some role. The difficulty is that one does not know quantitatively how important 
each of these factors is in determining the total behavior of an alkyl group, although 
encouraging attempts in this direction are being made.*’ In view of this complexity, it 
is surprising how consistent, on the whole, the over-all picture is, and there is therefore 
justification in the statement that the predominant effects of alkyl groups on the 


benzene ring are usually the hyperconjugation and the inductive effects 


V. J. Shiner, Jr., J. Amer. Chem. Soc. 75, 2925 (1953): E. S. Lewis and C. E. Boozer, [hid. 76, 791 
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Effects in Organic Chemistry (Ed. M.S. Newman) Chapter 13. Wilev. New York (1956). See also 
ref 14 
* P. W. Robertson, P. B. D. de la Mare and B. E. Swedlund, /. Chem. Soc. 782 (1953): H. C. Browr 
and L. M. Stock, J. An Chem. S 79. 1421 he 
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type.*: # © Reaction series following this relationship and values of the reaction con- 
Stant, p*, are given in reference 4 (additional reactions subsequently reported may be 
found in references 7, 14, 15, 16, 17, 19 and 22). These correlations have been termed 
linear inductive (or polar) energy relationships. The inductive substituent constants, 
o*. for R groups have been obtained by the method of Ingold® and of Taft® from rates 
of normal saponification and acid-catalyzed hydrolysis of esters, RCO.C.H;, and 
from the ionization constants! * for carboxylic acids, RCO,H (wherein R XCH,). 


of sodiun 


Only when steric, resonance and other effects are very small (or negligible) in 
comparison to inductive effects do rates or equilibria for a reaction series follow the 
equation®: *: log (k/k,) o*p*. In favorable cases, however, rates or equilibria which 


are complicated by steric effects may be corrected for these effects, and linear inductive 


energy relationships result. Figs. | and 2, taken from the work of Pavelich and Taft’, 


provide an illustration of such a result 
Fig. 1 gives values of log (k/k,) plotted vs. o* for the sodium methoxide catalyzed 


rates of methanolysis of a series of /-menthyl esters, RCO,C, 9H, (Kp is the rate con- 


+ 


stant for the acetate ester). No direct relationship with o* values exists. In Fig. 2 the 


values of log (k/k,) are corrected for steric effects, and, in contrast, a relatively precise 


7< K. Ingold, J Chem. Sou 1032 (1930) 
W. A. Pavelich and R. W. Taft. Jr.. J. Amer. Chem. Soc. 79, 4935 (1957): R.W. Taft. Ji {hstracts 


Fifteenth National Organic Chemistry Symposium p. 53. Rochester, New York (June 1957) 
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correlation with o* values is obtained. The steric effect corrections are obtained by 
assuming a linear (steric energy) relationship*: * between steric effects in the methano- 
lysis rates and those in the rates of hydrolysis of corresponding esters. 

A similar situation is found for rates or equilibria complicated by resonance effects.‘ 
An illustration is taken from the work of Taft and Lewis on application of the linear 
inductive energy relationship to the reactivities of meta- and para-substituted benzene 


derivatives. In treating such reactivities it has proven convenient to “normalize” 


NDUCTIVE SUBSTITUENT CONSTANT 


values so they are quantitative measures of the inductive contribution of Hammett's 


values.” It has been found that 0-450* xcne gives the desired inductive constant for 
: meta or para substituent X relative to a hydrogen atom.’ The inductive constants so 


obtained are given the symbol, o;."° Fig. 3 shows the wide scatter of points obtained 


in a plot of log (K/K,) for the ionization of meta- and para-substituted benzoic acids 


in water at 25° vs. the inductive substituent constants, a7. This result is typical of the 
reactivities of meta- and para-substituted benzene derivatives in general.® Fig. 4 
demonstrates the linear inductive energy relationship (inductive effect ozpr) which 
results upon correcting the log (K/K,) values for resonance effects. This too 1s a 


*R.W. Taft. Jr... J. Amer. Chem. Soc. 75, 4538 (1953) 
‘lL P. Hammett. Physical Organic Chemistry p. 404. McGraw-Hill, New York (1940); references 


to earlier work are given in this book 


°R. W. Taft. Jr... J. Amer. Chem. Soc. 79, 1045 (1957) 
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result typical of all types of aromatic reactivities involving uncharged meta- and para- 
substituents. The method used by Taft and Lewis to separate inductive and resonance 
effects of meta- and para-substituted derivatives of benzene is discussed at length in 


the later sections of this paper 


meto SUBSTITUENTS 


@ -poro SUBSTITUENTS 


SUBSTITUENT CONSTANT, O; 


FiG 3. lonization of meta- and para-substituted benzoic acids in 


A potentially valuable use which can be made of the linear inductive energy 
relationship is the approximately quantitative evaluation of the other effects (resonance, 
steric, etc.) of molecular structure on reactivity. This evaluation is obtained as the 
difference between the measured substituent effect and the calculated inductive 


effect.4: }! That is, log (k/k,) o* p* total effects other than inductive. In this way 


less ambiguous (perhaps in favorable cases unambiguous) studies of the other effects 


of molecular structure on reactivity are permitted via analysis of the relationship of 
these variables to structure. Interpretations reached on this basis may be further 
corroborated by additional generalized structure—reactivity relationships and by 


11 G. E. K. Branch and M. Calvin, The Theory of Organic Chemistry pp. 203-245 Prentice-Hall, 
New York (1951) 
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correlations with theoretical calculations."*» " In this manner, studies of a quanti- 


tative ave been made of intramolecular steric effects,’ resonance ef- 


fects 
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The application of the linear inductive energy relationship to the quantitative 


estimation of the inductive contribution to widely diverse effects of alkyl groups on a 


variety of reactivities (in which hyperconjugation effects are expected in principle) 


leads to results which may be accounted for in terms of direct hyperconjugation effects 


> DIOXANE 


1 an approximately 
ve manne antitative evidence is thereby provi t the me 
ictivity effects are approximately the sum of inductive and hyperconjugation effects 
Ihe need to invoke more complex interpretati is frequently (but not always) 
lacking 
The method was first applied by Kreevoy and Taft" to the study of the effect of 


structure on the acid-catalyzed rates of hydrolysis of diethyl acetals and ketals, 
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R,R,C(OC,H,).. in 50 per cent aqueous dioxan at 25 with substituents of widely 
A plot (Fig. 5) of log (4/k,) vs. the sum of «* 


varying polar and steric requirements 
values of the substituents R, and R, leads to essentially parallel lines (slope p 


3-60) defined by the points for three classes: mono-substituted acetals, mono- 


substituted ketals (except methyl fert.-butyl and methyl neopentyl ketals—cf. later 


discussion) and xS-unsaturated acetals (with increasing intercepts in the order given) 


The conclusion was drawn that within each class, inductive electron release deter- 


mines the increase in rate with variation of structure. The order of the increasing 
intercepts indicates that resonance stabilization of the oxo-carbonium ion-like 


transition state also contributes to increase the reaction rates The rate constants 
for twenty acetals and ketals of unconjugated aldehydes o1 ketones (with the two 
exceptions indicated above) covering a spread of nearly eight powers of ten were 
fitted relatively satisfactorily by the equation 


6) 


to the total number of z-hydrogen atoms in R, 


ind R The constant 0-54 was attributed to the average stabilization of the reaction 
transit (in log t f rate) produced by an yvdrogen atom Equations ol 


eflects of unconjugated 


the gas-p nthalpies of vdrogenation of mono- and trans- 


1 on the tree ition of carbonyl! com- 


is are consequently implied to 


inductive energy 


relationship to para(and meta)-alky! groups in the reactivities of benzene derivatives 
ire presented and dered in deta These results, which are a part of the general 
evaluation of the resonance effects of para substituents by the method of Taft and 
Lewis.* provide evidence of both C-H and C-C hyperconjugation effects and an 
ipproximat dditive relationship of cac to structure basis 1s also 


hyperconjugation effects in 


PROCEDURI 


lhe procedure of Taft and Lewis® is based upon the demonstration by Hammett and 


others” that the reactivities of meta- and para-substituted derivatives of benzene as a 
class are characterized as rarely if ever involving variable steric effects at the reaction 
center. The model equation used ts: log (K”"/Ko) inductive effect plus resonance 
effect. The further assumptions made are that (1) for unchanged substituents the 


inductive effect for all practical purposes is equivalent in the meta and para positions * 


* Paper V. forthcoming J. Amer. Chem. S This paper should be consulted for a discussion of 
the sense p log ) values to / and R parameters is proposed It of 
part ' rt * th res aise sion to note that A values represent the tot eflect on 
reactivity other than that due to inductive ca tion of charge through the ¢ and 7 bonds (and 
space) between the alkyl group and the benzene ring (including any inductive effects arising as a 
consequence of the mesomeric inter-action). K values represent the total of the effects distinguished 
as r*sonance effect and resonance polar ¢ lect in ref. 4 

For supporting evidence, cf. refs. 4 and 10 and J. D. Roberts, R. A. ¢ lement and J. J. Drysdale, 


2(1951). and J. D. Roberts and W. T. Moreland, Jr., /bid. 75, 2167 (1953) 
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the resonance effect is 


reduced by a constant factor x in the meta compared to 
C para position T] at ts 


esonance effect (called 


rate OIF 


CN. OCH 
one must librium cc 


meta 
j para pos 
ind the approp 
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positive for processes which are facilitated by electron release and negative for the 
contrary. Further, according to the classical Baker—Nathan effect,2* we expect the 
magnitude of the R values to lie in the order Me > Et > Pr‘ > But. Finally, according 
to the theoretically derived conclusions of Mulliken" and experimentally derived 


conclusions of Berliner,” the value for the Bu‘ group should not be zero because of 


C-C hyperconjugation 
Of particular importance are 
Bartlett from a well-reasoned analysis (differing in rather minor detail from 


quantitative relationships between R values and 


structure 
our method) of the effects of methyl and fert.-butyl groups on the free energy of ioniza- 
ara-substituted triphenylmethy! chlorides in liquid sulfur dioxide 
1-18 


tion of meta- and p 
has obtained the estimate that the resonance effect of the p-methyl group 1s 
kcal and the fert.-butyl group is — 0-96 kcal.** Thus the C-H hyperconjugation effect 
exceeds that of C-C hyperconjugation by about 25 per cent Bartlett concludes that, 
since the inductive effect of the sert.-butyl group is larger than that of the methyl 
group, the resultants of the three factors the experimentally observed effects of the 


methyl and fer?.-butyl groups on reactivity—are likely to appear confusing not only 
in this reaction, but generally 

More recently Brown et al., by a method which also differs in minor detail from 
ours. have shown that the C-H and C-C hyperconjugation effects of p-methyl, p-ethyl, 
-isopropyl and p-fert.-butyl groups in the rates ol solvolysis of phenyldimethyl- 
carbinvl chlorides in 90 per cent aqueous acetone, at 0-25', are approximately 
additive” Brown also finds for this reaction the same ratio ol the C-H to C-€ 
hyperconjugation effect as given above by Bartlett. That this figure should be the same 
for the two reactions under discussion is perhaps not surprising [or both involve a 
similar change in inductive electron demand at the reaction center (p; for both reac- 


tions is on the order of —4). We shall want to examine R values generally both with 
respect to the additive relationships and the dependence on reaction type (electron 
demand. solvent. etc.) of the ratio of the C-H to >» C-C hyperconjugation 
effects 

Table 1 summarizes typical R values for a number of reaction series obtained by 
both equations (1) and (2). It is immediately apparent that each of the qualitative 
criteria of hyperconjugation effects mentioned above ts satisfied by the R values. 
Attention may therefore be focused upon the quantitative aspects of the results. It 
mav be seen from Tables | and 2 that equations (1) and (2), which according to our 
proc edure should in prince iple give identical results, do not do so precisely Generally. 
however. the agreement is considered quite satisfactory. The differences in several 
instances are probably due at least in part to p; and to « values which have not been 
very precisely determined by the available data In other instances the differences are 
probably quite real and this result will be discussed further 

The agreement between R values obtained by equations (1) and (2) for the reactions 
numbered 1. 2. 4. 7. 10 and 16 in Table 2 is probably representative of the order of 


precision that one can expect from the model equation and the method of quantitative 


separation of resonance and inductive effects. The average ol the R values obtained 


* J} W. Baker and W. S. Nathan, J. Chem. Soc. 1844 (1935) 

 E Berliner and F. J. Bondhus, J. Amer. Chem. Soc. 70, 854 (1948) 

2 Pp P. Bartlett. J. Chem. Educ. 30, 29 (1953); N. N. Lichtin and P. D. Bartlett, J. Amer. Chem 
Soc. 73. $530 (1951) 

2? HC. Brown. J. D. Brady, M. Grayson and W. H. Bonner, J. Amer. ¢ hem. Soc. 79, 1897 (1957) 
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from the two equations for these reactions is also listed in Table 1. Finally Table | 
illustrates the quantitative additive relationship: 

R nyhy nch« (3) 


where my is the number of «-C-H bonds, nc is the number of xz-C—C bonds of the 
alkyl group, and /y and /A¢ are C-H and C-C hyperconjugation constants, respectiv ely 


(in log units of rate or equilibrium) 


PABLe |. R VALUES. CORRELATION BY EQUATION (3)* 


Solvolysis of benzyhydryl chlorides, Ar(C,H.)CHC! 


90", Aq. EtOH, 4-0) 80", Aq. acetone, 25 4-0) 


Ricaled.) Ricaled 


Rieqn. 1) Rieqn. 2) Raver.) eqn.3 R(eqn. 1) Rl(eqn. 2) Raver.) eqn. 3 


1-31 1-19 1-20 
1-22 I-11 1-10 
1-12 1-00 1-00 
1-00 2 2 5 0-86 0-90 


hw 


Solvolysis of fert.-cumy! chlorides, Ar(CH | 


90°, Aq. acetone, 0° ( 4-2) 2. 90°, Aq. acetone, 25° ( 4-2) 


Ricaled.) Ricaled 


Ri(eqn. 1) Rleqn. 2) Raver.) eqn.3 1): Rleqn.2) Raver.) eqn. 3 


1-2? 1-23 


I-11 
1-00 1-04 


0-95 5 0-86 0-93 


34 


hi 


16. lonization of pyridinium ions, XC;H,NH~, H.O, 25 


Rieqn. 1) Rleqn. 2) Raver.) Ricaled.) 


eqn. 3 


Me 0-59 0-55 0-54 
Et 0-54 0-51 0-49 
Pr 0-49 0-47 0-44 
Bu 0-40 0-33 0-39 


hw O-18: Ae 0-13: 1-4 


* Numbers refer to the reaction series as listed in Table 2 


| 
A 
Et 
Pr 
0-44:h 0:34: 1-3 hy 0:40: h 0:30: hush 1-3 
: Me | 1-34 1-34 1-35 1-23 
Et 1-22 1-30 1-26 1-25 1-13 
Pr + 1-09 1-24 1-17 1-15 1-03 
0-45: 0-35: 1-3 hus 0-41: A 0-31: Aulh 1-3 
~ + 5-7) 
: 
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Bromination of benzene with HOBr, 5 Aq. dioxan, 25° ( 


Riean. 1) Rleqn. - Rtaver.) 


Methoxide-! cataivzea metha ol /-me nzoates, MeOH, 30 ( 


Table 2 summariz he valu ~ and fw/he obtained for all of the reactions 


for which the 1 ttention. The item of first importance 


that 0-1. a figure which undoubtedly repre- 


SC results tact 


sents the relative conjugative capacities of C-H and C~¢ bonds in para-alkyl groups 


rhis figure is quite independent of reaction type (1 holds, for example, for equilibria 
between stable species as well as for reaction rates) and encompasses reactions with 
such variable changes in electron demand at the reaction center that p; covers the 
enormous range from +6 to -— 12. Also without effect (within the indicated limits) on 


hy/he are marked variations in solvent (from liquid C,.H,.COCI to aqueous H,SO,, 


for example) and temperature (0° to 51°). One must therefore look to considerable 


leneths if he is to avoid the conclusion that the primar) effects of para-alkyl groups 
on these reactivities are caused by a change during the reaction process In the inductive 


and resonance potential energy interactions ol the alkyl groups. 


10 

Me 1-50 1-52 
2-6) 
Is 
Rieqn. |) ARleqi 2) Ricaicd.) 

()-17 ()-3? 0-33 

B } 

Riec 1) Rtlean. 2) Ricaicd.) 
eqn. 3 
Mi 1-15 0-93 
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Apparent exceptions to the rule, Ag//y 1-3 + 0-1, are to be found infrequently 
in Table 2 and where they do exist generally occur for reactions in which /y is of smaller 


magnitude than +-0-10. It is therefore probable that these apparent exceptions are 


not the result of any significant dependence of the hyperconjugation ratio, /y/hc, on 


reaction type, but rather result either from the lack of high precision of the method of 


separation of inductive and resonance effect, or the interference of small additional 


effects not considered in the model equation. In several reactions (notably reactions 


20 and 22 of Tables | and 2, and reactions 5 and 23 of Table 2), equations (1) and 


(2) give sufficiently different R values to lead to discordant /y/h¢ ratios. With only a 


single notable exception (the R value for the CH, group in reaction 20), equation 


(2) in each instance gives results corresponding more closely to our general rule. It 


thus appears that log (k/k,) values contain in these reactions an additional variable 


(or variables) other than inductive and hyperconjugative effects, whereas in values of 


1/1 x) |log (k"/k")| these variables (as well as the inductive effect) have essentially 


cancelled. The additional variables are probably to be associated with small but 


measureable specific alkyl solvation effects** (or possibly some other non-polat 


effects). It is possible that studies based upon the deviations of the results of equations 


(1) and (2) may be used to obtain a characterization of these secondary solvation (or 


other) effects 


Ihe rates of decomposition of phenyldiazonium fluoroborates™ (reaction 20) 


provide the exception noted above. While no explanation can be offered for the 


apparent anomalous R value for the methyl group obtained for this reaction by equa- 


tion (2), it is important to note that this reaction is unique in that its rate is markedly 


increased by inductive electron-release ( p; 4-2) yet R para substituents (alky! 


groups as in Table |, or other such as OCH,, Cl, etc.) retard the rate. A reasonable 


explanation has been advanced by Bunnett and Zahler®* and by Lewis“ which accounts 


for the fact that resonance interaction of substituents of the latter class stabilize the 


reactant more than the transition state. This reaction therefore uniquely gives / 


and p; values of the same sign 


F. Norris et al 
imer. Chen 50. (1928) J. Packer. J. Vaughan and A. Wilson, J. Ore 


and P. D. Bartlett, J. An Chem. S 73, 5530 S51) 
P. B. D. de la Mare and J. T. Harvey, J. Chem. S 36 (1956): 131 (198 
" P. B. [. de la Mare, J. Chem. S 4450 (1954 
H. C. Brown and F. R. Jensen, J. An Chem. Soc. 80, 2296 (1958) 
"H.C. Brown B.A. B »and F. R. Jensen, J. O Chem. 23, 414 (1958 
°C. Eaborn and D. E. Webster, J. Chem. Soc. 4449 (195 
“CC. Eaborn, J. Chem. S 4858 (1956) 
H. ¢ Brown and X. R. M j Cher Sec. 77. 1773 (19858) 
Berliner and | Mi j iy her 74. 15874 (1952) 
“ FE. D. Hughes, H. Cohn, M. H. Jones and M. C. Peeling, Natu Lond. 169. 291 (1952) 
I Lew Sand B M cl j (Aen 5 75 $29 (1953) 
= 5 Berliner. \ M. Connor and K A. Fole unpublished data We are indebted to Professor 
I Berliner for per sion to use these results 
* MWS. Newman and E. K. Easterbrook. /. Amer. Chem. Soc. 77. 3763 (1955) 
 E. Berliner, M. C. Beckett, E. A. Blommers and B. Newman, J. Amer. Chem. Soc. 74, 4940 (1952) 
** E. Berliner and H. Altschul, J. Amer. Chem. Soc. 74, 4110 (1952) 


** Cf. D. H. McDaniel and H. C. Brown, J. Org. Chem. 23, 420 (1958) 
"FE. Akerman, Acta. Chem. Scand. 11, 373 (1957) 

*' J. W. Baker and M. I Hemming, J. Chem. Soc. 191 (1942) 
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nductive and 


in Table 4) provide a rare example in which he 
effects reinforce one another and are in opposition to the more minor C-C hyper- 
*Cf. earlier discussion of this point by J. W. Baker Hvperconjugation Chap Oxford 
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conjugation effect (Ap/ py is positive), so that a distinct ordering of log (k/k,) values is 


apparent 


TasLe 4. EXAMPLES ILLUSTRATING CANCELLATION OF INDUCTIVI AND 


HYPERCONIUGATION EFFECTS IN LOG LA kK.) VALUES POR ALKYL GROUPS 


ation Ar(C,H,)CHOH, 


in obtaining R va 


It is quite significant 


1-3 rule (cf. Table 2) since the n the aryl 
carbonium ions and of the sacrific ns. Appa- 
rently then the relative hyperconjugat capac he an bonds are 


on 


the same for Muller and Mulliken’s two 


Finally it is important to note that the & values for reaction ) 18, 21 and 


22 indicate that sacrificial hyperconjugation is not necessarily trivial in magn tude in 


eround states or transition states. This conclusion is strongly supported by shielding 


effects of m- and p-methyl substituents in the fluorobenzene nuclear magnetic 
resonance spectra (cf. reference 10) 


* Professor S. Winstein (in discussion) has pointed out t precise contort! 


- 
and (3) demands that logts o) values for the series Me 
oO lering is so slight that log(/ .) are essentially 


(either mcreasing, Gecreasing or 


mm 
constant). Thus any reaction series for which log ‘ : wersic 12 this series of 
alky groups does not contorm precisely to these equ reactions listed in 
Table 2 show a regular order of log(A” ko) values, with the sole exception of reaction 27, which shows 
a very slight inversion ordet 


+°N. Muller and R.S. Mulliken, J. Amer. Chem. Soc. 80, 3489 (1958) cf. also R. S. Mulliken 


this volume, p. 253 
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Ultraviolet spectra of alk ylbenzenes 

Matsen and coworkers®**: ™ have made a thorough study of the effect of alkyl- and 
chlorine-substituted alkyl groups on the ultraviolet absorption spectra of benzene in 
the vapor phase. These spectra were determined under conditions of high resolution 
and detailed band assignments were made. Of particular interest are the positions of 
the so called O-O bands. This band is due to the transition between the zero point 
vibrational levels of the ground state and the first excited state. The position of this 
band provides the closest direct experimental measure of the difference in the elec- 
tronic energies of the excited and the ground state. The position of the O-O bands 
of the alkylbenzenes generally differs quite appreciably from the position of the inte- 
grated maximum of all of the peaks for the 2600 A ultraviolet bands 

There is much spectroscopic evidence that the transition from the ground to the 
first excited state of benzene is accompanied by enhanced resonance interaction of the 
substituent in the excited state but there is no appreciable inductive effect on the 
transition energy.° Matsen’s data not only verify this conclusion qualitatively®* but 
also quantitatively. The effects of open-chain alkyl substituents on the O—O-band 
transition energies follow equation (3) quite precisely, i.e., 44 nyhy hche with 
hy 0-025 eV, eV andhy/hy 1-4. The experimental values of 44. 
and those correlated by this equation are listed in Table 5. This correlation of spectral 
data appears to afford strong confirmation of the conclusions concerning hyperconju- 
gation reached from the analysis of reactivity effects 

The agreement between calculated and observed 44« values (Table 5) for n-C,H,, 
CICH,CH, and CICH,CH,CH, substituents shows that the values of Aw and /e are 
not appreciably affected (although perhaps slightly*) by the inductive effect of re- 
placing a 8-CH, group by a 8-CH,CI group or a 8-Cl atom. The possible effect of 


mass of the substituent on the transition energies is also indicated as being of minor 
importance.” 

Robertson et al. also investigated the cyclic substituents: cyclopropyl, cyclopenty! 
and cyclohexyl. A very substantial red shift is observed for the O-O band for the 
cyclopropyl group (44 « 0-152 eV) in accord with much other evidence of the 
unsaturated nature of this group. The cyc/ohexyl group gives the same transition 
energy as expected for a secondary open-chain alkyl group (cf. Table 5). The cyclo- 
pentyl group, however, gives a red shift (dd« 0-081 eV) larger even than that for 
the methyl group. The authors assume that this results from a certain unsaturated 
character in the cyclopentyl ring. The lack of general evidence of such unsaturated 
character, however, suggests the alternate possibility that the «-hydrogen atoms in the 
cyclopentyl ring are held in a position especially favorable to hyperconjugative inter- 


action 


* For DOSS ble evidence of inductive effects on nyperconjugation which are in opposite directs n 
to the slight apparent trend shown in Table §. Cf. J. W. Baker, J. A. L. Brieux and D. G. Saunders 
404 (1956) 
1is connection the paper by W. R. Moore, Erich Marcus, S. E. Fenton and R. T. Arnold 


volume 
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+l. Doub and J. M. Vandenbelt {mer. Chem. Soc. 69. 2714 (1947): J. R. Platt. J. Chem. Phivs 


j 
19, 101 (1951): H. Sponer, /hid. 22, 234 (1954): L. Goodman and H. Shull, /bid. 27, 1388 (1957 
*“ W.W. Robertson, J. F. Music and F. A. Matsen, J. Amer. Chem. Soc. 72, 5260 (1950) 
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TABLE 5. CORRELATION BY EQUATION (3) OF THE TRANSITION ENERGIES FOR THE 
O—O BANDS OF THE GAS-PHASE ULTRAVIOLET ABSORPTION SPECTRA OF ALKYL BENZENES 


AA« 
Substituent caled. eqn. (3) 
(eV) (eV) 


cycloPenty| 0-081 0-061 
CH 0-076 0-075 
C,H 0-070 0-068 
CICH,CH,CH, 0-069 0-068 
Ci H.¢ H 0-066 0-068 
Pr 0-060 0-061 
Bu 0-062 0-061 
cycloHexy| 0-062 0-061 
Bu 0-054 0-054 


In a further study Hamner and Matsen have determined the effects of CH,Cl. 
CHCl, and CCl, groups on the O-O band transition energies.** Substantial red 


shifts are observed and these are attributed to hyperconjugation of the type: 


We note that the observed transition energies follow approximately the equation 
nyhy + ncthc', wherein the value is that obtained above and the 
hyperconjugation parameter (—0-056) is that obtained from the observed value of 
4Ae« for the CCl, group. This correlation is summarized in Table 6. 


TABLE 6. CORRELATION OF THE TRANSITION ENERGIES FOR THE O—O BANDS OF 
THE GAS-PHASE ULTRAVIOLET ABSORPTION SPECTRA OF CHLOROMETHYL-SUBSTITUTED 
BENZENES BY THE EQUATION: 44 Neyhe 


Substituent caled. eqn. (4) 
(eV) 


CH 0-075 
CICH, 0-106 


Cl,CH 0-137 
C}.¢ 0-168 


The results of Brown” and of Schubert e7 a/.°* on the effects of para-alkyl groups on 
the ultraviolet absorption spectra of nitrobenzene differ appreciably from Matsen’s 
results with benzene. A possible explanation may lie with the fact that the former 


spectra were not resolved to give the precise position of the O—O bands. Further, since 


the exact nature of the electronic transition is in question, the possibility exists that 


*? W. G. Brown and H. Reagan, J. Amer. Chem. Soc. 69, 1032 (1947) 
** W. M. Schubert, J. Robins and J. L. Haun, J. Amer. Chem. Soc. 79, 930 (1957); W. M. Schubert 


and J. Robins, /hbid. 80, 559 (1958) 
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inductive effects make important contributions to the observed spectral shifts. As 
noted in the reactivity section of this paper, an experimentally observed quantity 
which is the appropriate composite of inductive, C-H and C-C hyperconjugation 
effects will show little distinct order among alkyl groups. This is the observed re- 


sult for the p-alkyl nitrobenzene spectra 


Hvyperconjugation effects in the aliphatic series 


The unequivocal quantitative evidence for C-C hyperconjugation effects in the 


reactivities of para-substituted derivatives of benzene prompts a re-examination of the 


aliphatic series reactivities which Kreevoy and Taft ® have previously considered 


to be satisfactorily correlated by inductive and C-H hyperconjugation effects 


The inductive effects in the acid-catalyzed rates of | vdrolysis of acetals and ketals, 


R,R,C(OC,H;).. have been well demonstrated (cf. Fig. 5 and earlier discussion) to 
follow the linear inductive energy relationship: inductive effect (Xo* — 3-60), 


and, with the probable exception of methyl neopentyl and fert.-butyl ketals, steric 


effects have been shown to be nearly constant. Consequently, resonance effects (R 


values) may be obtained for this reaction by the relationship 


log(k/ Ko) Lo 3-60) R (5) 


Column 2? of Table 7 lists R values so obtained from the log(k/k,) values given in 


column 1.+ The values listed are relative to the hydrogen atom as the standard of 


comparison, that is with k, corresponding to the rate constant for formal (R, R, 


H) and o* values adjusted to H (instead of the methyl! group) as the standard of com- 


> 
parison (designated accordingly as on) 


With the exception of methyl neopentyl and fert.-butyl ketals, R values for a variety 


ol alkyl substituents follow quite precisely the relationship R nanny nehe, with 


units), / 0-24 (log units) and /iy// 2-6. This is demonstrated 


The latter column 


hy the agreement between the values in columns 2 and 3 of Table 


R values calculated by this correlation. For comparison, values of R calcu- 


gives the 


lated by the earlier correlation, R (0-54). are shown in column 4. Both the evi- 


all Ll 


dence from the aromatic series reactivities and the improved precision of correlation 


‘f these R values appear to justify the C-C hyperconjugation terms for the acetal and 


ketal hydrolysis rates. The details of this modification in the interpretation of these 


reactivities are. however. in accord with the conclusion of Kreevoy and Taft that the 


principle conjugative effect for alkyl groups is a C-H hyperconjugation effect and the 


C-C hyperconjugation effect is by comparison sufficiently smaller to be approaching 


the limits of reliability of the method. Also unaffected is the earlier demonstration” 


that the acetal transition state is stabilized by conjugation with ~f-unsaturated sub- 


stituents to an extent about one power of ten greater than that by hyperconjugation 


by an «-C-H bond (note that R values for the «8-unsaturated groups listed at the 


bottom of Table 7 are on the order of lO jy = 6) 


In one attributes the quantity, log(k/ky) (Xon* —3-60) noche, to 


steric assistance to the hydrolysis rates for methyl meopentyl and fert.-butyl ketals, 


driving forces amounting to +1-0 and +2-0 log units, respectively, are obtained 


+ Since the value of »* is for all practical purposes determined by the substituents, R = CICHg, 
B,CH,, ROCH, and C,H,CHy,, the R values of Table 7 may be regarded as based upon independently 
determined inductive effects 


‘ 
ie 
2 
4 fey 
Le 


TABLE 7. 


R VALUES FOR 


THE 
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RATES OF 
R,R,C(OEt)., DIOXON—WATER, 25 


HYDROLYSIS OF ACETAL AND KETALS 


CH 
CH 


Substituents 


CH 
C,H 
Bu 


H 
H,CH 


( 
( 
( 
( 


p 


H,CH.C,H 


+ 


Column | Column Column 3 Column 4 


log(k/ky) Reqn.(5) R calcd nu(0-54) 


(log units) eqn. (3) 


0-0 


| 
3-8 6 1-4 1-1 
3-6 1-4 1-4 
| 2 1-4 1-4 1-1 
0 3-8 20 1-9 1-6 
| 2 3-4 3-3 2:7 
0 7 3-7 3.9 
69 
fy-f 5 
5-2 5-0 
2-6 5-0 


These 


assistance driving forces in the solvolysis rates for similarly 


halides 


on the enthalpies of hydrogenation o 


The value of p 


which is illustrated in 


figures are 


in 


in the vapor phase at 355 K 


» 


reasonable 


R 


4H, 


()-? 


Table 9 


aceol d 


Table & gives the results of a similar re-examination of the effects of substituents 


H 


is based upon the linear inductive en 


obtained with olefins of the general formula 


KCH, 


R, 


with estimates by Streitwieser!’ for steric 


crowded tertiary carbiny! 


f trans-disubstituted ethylene 


H 


R, 


R values are obtained from the relationship 


4H? (—2-2\(> (6) 


ergy relat ionship 


H H 


Because of the much more limited range of polarities 


covered by the available data, this p* value cannot be as confidently accepted as that 


for the acetal and ketal hydrolysis 
enthalpy of hydrogenation with an increase in electron-withdrawing power of the 


Taft and Kreevoy™ maintain that a decrease in 
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substituent is expected because of the greater electronegativity of the unsaturated 
(sp*) than the saturated (sp*) central carbon atoms 


TABLE 8. R VALUES FOR THE ENTHALPIES OF HYDROGENATION OF 
R, H 


TRANS-DISUBSTITUTED ETHYLENES GAS PHASE, 355°K 


yumn 2 Column 3 Column 4 


R caled nu(O-44) 


Py 

Bu 

Pe 

CH.CH.C 
CH.CH CH 
Me 

Bu 

Bu 

Pr 

Pr 

CH.COLR 
Me 

CH 

CH 


ty ty ty ty ty 


, 
, 
, 
, 


Column 2 able } values for the olefin hydrogenation obtained as indi- 
cated above (equatio ). Column | g ‘perimental values of the enthalpies 
to ethylene this Table lists values of R as 


correlated DY equal 
R (3) 


with Aw 0-50 keal, Ay 0-20 kcal and Aw 2-5. Column 4 lists R values 
as calculated by the earlier correlation equation: R (0-44)n4. Again the improved 
precision of the correlation equation which includes the C—C hyperconjugation term 
is distinctly noticeable. The mean deviation from equation (3) is of the order of 


experimental uncertainty (the deviation for the neopentyl group suggests a steric effect) 


* Obtained from the data of R. B. Turner. D. E. Nettleton, Jr. and M. Perelman, J. Amer. Chen 
80, 1430 (1958), assuming the same value of J4H for acetic acid solution and the vapor phase 


— 
H 
Substituents Cm |) 
(kcal) (kcal) eqn. (3) ] 
re 
H H 0 0 0-0 0-0 0-0 0-0 | 
H Bi 0-8 0-9 0-4 
H Py ? 0-9 0-9 0-4 
Et | 2-5 1-2 0-9 
H | 2-( 0-9 
H 1-8 0-9 
H 2-3 0 
H ; 0 16 1-3 
Bu 0 6 1-9" 1-0 1-2 0-0 aaa 
Mc 1.59 0 
Me $0 2:3 2-4 
Et | ? 2-5 2-4 ris 
Me $-2 2-8 27 fe 
Me 0 §.) 26 
H +2 4-4 
H 60 §-7 
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TABLE 9. DETERMINATION OF p* FOR THE HYDROGENATION OF SUBSTITUTED 
ETHYLENES, GAS PHASE, 355°K 


R H 


Based upon 44H 2:2 (4o*) for with R = CH,X 


4AH~ obs 4J4H calcd 
(kcal) (kcal) 


OH 
CH,CO,R 
CH CH, 
CH,.CH 
Me 

Et 

Pr 


aver. dev 


The fact that equation (3) is precisely followed for R groups of widely varying 
Steric requirements (for example, R, =R,—H to R,—R,=—Bu‘) provides evidence of 
a constancy of steric effects, implying that the effect of « bond expansion on the change 
between the sp* and sp* valence states®* produces a contribution to the enthalpy of 
hydrogenation which is constant (with the possible exception of the neopentyl group) 
for the compounds of Table 8. Deviations of cis and vicinally substituted ethylenes 
from equation (3), which may reasonably be associated with steric effects,"* follow 
closely the empirical rules of Dewar and Pettit®® dealing with the effects of such sub- 
stitution on the enthalpies of hydrogenation 

Both Tables 7 and 8 provide examples which indicate that /y and /¢ are not appre- 
ciably affected by the inductive effects of polar substituents within the alkyl group 
The approximate “10 to 1” rule of Kreevoy and Taft'® for conjugative stabilization 
relative to C-H hyperconjugative stabilization of the olefin is illustrated by R values 
tor two typical «$-unsaturated substituents listed at the bottom of Table 8 

The free energies of hydrogenation of unconjugated carbonyl compounds, 
R,R,C=O, in dilute toluene solutions at 333°K are also correlated with slightly 
improved precision by the equation, 4/ (—6-0 0-5\(Son*) nyhy 
nyhc (the standard of comparison is R, R H, for which 4F,° is taken as 4-4 


kcal more negative than that for acetaldehyde—the same as the difference between 


acetaldehyde and acetone). However, the data for this reaction are less accurate than 
the former two, and the p* value has a substantial uncertainty. Consequently, a 
precise /iy/h¢ value for this reaction is in question, but is probably also on the order 
of = 0-5 0-1 kcal = 0-25 0-1 kcal). The uniquely systematic rela- 
tionship of the extra resonance energies of conjugation and of hyperconjugation in 


carbonyl compounds and olefins found and discussed by Kreevoy and Taft™ is 


* M. J. S. Dewar and H. N. Schmeising, This volume. p. 166 
*° M. J. S. Dewar and R. Pettit, J. Chem. Soc. 1625 (1954) 
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substituent is expected because of the greater electronegativity of the unsaturated 


(sp*) than the saturated (sp*) central carbon atoms 


Taste &. R VALUES POR THE ENTHALPIES OF HYDROGENATION OF 


R, H 


TRANS-DISUBSTITUTED ETHYLENES GAS PHASE, 


olumn 3 Column 4 


nulO-44) 


Pe 

CH,CH.C 
CH.CH CH 
Me 

Bu 

Bi 

Py 

bt 

Pr 

CH.CO.R 
Me 

CH 

CH 


4 


hm 


Colum: § lists R values for the olefin hydrogenation obtained as indi- 


cated abov uation (6)). Column | gives the experimental values of the enthalpies 


relative to ethylene. Column 3 of this Table lists values of R as 
correlated by the equator 
neh (3) 


with 0-50 keal, 0-20 kcal and Aw 2:5. Column 4 lists R values 
as calculated by the earlier correlation equation: R (0-44)ny. Again the improved 
precision of the correlation equation which includes the C—C hyperconjugation term 


is distinctly noticeable. The mean deviation from equation (3) is of the order of 


experimental uncertainty (the deviation for the neopentyl group suggests a steric effect) 


* Obtained from the data of R. B. Turner, D. E. Nettleton, Jr. and M. Perelman, J. Amer. Chem 
80, 1430 (1958), assuming the same value of J4H for acetic acid solution and the vapor phase 


+ 
: 
— 
Substituents Column | Colum 2 
R R R eqn. (6) R calcd 
(kcal) (Kcal) eqn. (3) 
H H 0 0 0-0 0-0 0-0 0-0 
H B 4 )-4 0-8 0-9 0-4 
H Py ».§ 0-9 0-9 0-4 ; 
H Bi 1.3 0-9 
| é. 1-2 0-9 
H | 1-7 | 1-2 0-9 
H 2:2 1-2 0-9 
H 0 9-7 1-6 1.4 1-3 
Bu 0 49° 0 1-2 0-0 
— 
Me 2 5-0 2-4 
Et ? $-2 24 
Me 2-8 2-7 
Me 2-5 2-7 
Me 0 §-) 
H 4.2 4-4 
H 60 
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TABLE 9. DETERMINATION OF p* FOR THE HYDROGENATION OF SUBSTITUTED 
ETHYLENES, GAS PHASE, 355°K 


H 


with R CH.X 


Based upon J4H 


JAH” obs J4H calcd 
(kcal) (kcal) 


OH d 
CH.CO.R 0-8 0-8 


CH CH 0-3 0-5 
CH.CH CH 0-0 (0-3 
Me (OD) (0-0) 
Et 0-1 0-1 


Pr 0-1 


The fact that equation (3) is precisely followed for R groups of widely varying 


Steric requirements (for example, R,; =R,—H to R,=R,=—Bu’‘) provides evidence of 


a constancy of steric eflects, implying that the effect of o bond expansion on the change 


between the sp* and sp* valence states®” produces a contribution to the enthalpy of 


hydrogenation which is constant (with the possible exception of the neopentyl group) 


for the compounds of Table 8 Deviations of s and vicinally substituted ethylenes 


from equation (3), which may reasonably be associated with steric effects,* follow 


closely the empirical rules of Dewar and Pettit®® dealing with the effects of such sub- 


stitution on the enthalpies of hydrogenation 


Both Tables 7 and 8 provide examples which indicate that 44 and /A¢ are not appre- 


ciably affected by the inductive effects of polar substituents within the alkyl group 


The approximate “10 to 1” rule of Kreevoy and Taft'® for conjugative stabilization 


relative to C-H hyperconjugative stabilization of the olefin is illustrated by R values 


for two typical «$-unsaturated substituents listed at the bottom of Table 8 


The free energies of hydrogenation of unconjugated carbonyl compounds, 
R,R.C =O, in dilute toluene solutions at 333°K are also correlated with slightly 


improved precision by the equation, 4/ A} (—6-0 0-5) Son*) 


nyhe (the standard of comparison is R, R, H, for which 4F,° is taken as 4-4 


kcal more negative than that for acetaldehyde—the same as the difference between 


acetaldehyde and acetone). However, the data for this reaction are less accurate than 


the former two, and the p* value has a substantial uncertainty. Consequently, a 


precise /y/he¢ value for this reaction is in question, but is probably also on the order 
of 2hy = 0-5 0-1 kcal and/ice =~ 0-25 0-1 kcal). The uniquely systematic rela- 


tionship of the extra resonance energies ol conjugation and of hyperconjugation in 


carbonyl compounds and olefins found and discussed by Kreevoy and Taft’? is 


* M. J. S. Dewar and H. N. Schmeising, This volume, p. 166 
*° M. J. S. Dewar and R. Pettit, J. Chem. Soc. 1625 (1954) 
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essentially unaffected by this modification of including small C-C hyperconjugation 
effects 

Our interpretation of the enthalpties of hydrogenation of olefins and carbony! 
lusion of Dewar and Schmeising® that resonance 
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EXPERIMENTAL AND THEORETICAL EVALUATIONS 
OF THE BAKER-NATHAN EFFECT 


MAURICE M. KREEVOY 


School of Chemistry, University of Minnesota 


For a number of reactions in which steric effects can be neglected and relative reac- 
tivity can be sorted out into inductive and resonance contributions equations (1) hold 


with reasonable precision’: * In equations (1) p*Xo* represents an 


log(k/k,) B — (AF,/2:3RT) 
Al AF, o* + B+ AF, 
4H — AH, so* B + AH, (1) 


inductive effect on reactivity. The effect of conjugation on reactivity is given by 
JF, or 4H,, which can be calculated with reasonable accuracy by the LCAO-MO 


method.*: B represents the Baker—Nathan effect.*»* In previous work! the 
Baker—Nathan effect has been defined by equation (2), in which m is the number of 


B hin No) (2) 


« hydrogens in a given compound, 7m, is the number in a standard compound and /: 
is an empirically determined constant. Equation (2) suggests that the Baker—Nathan 
effect is peculiar to hydrogen atoms. A possible alternative to equation (2) is equation 
(3), in which the same Baker—Nathan effect is attributed to all alkyl groups. In equation 
(3), n’ is the number of alkyl groups directly attached to a functional group, my’ is the 


B=h'(n No ) (3) 


number attached in the standard compound and /’’ is an empirically determined con- 
stant. If the Baker—Nathan effect is something peculiar to hydrogen atoms, /: will be, 
in fact, reasonably constant. If not, then /’ will be more nearly constant than /; 
Table | compares / and h’ for acid-catalyzed hydrolysis of acetals and ketals, while 
Table 2 does the same for heats of hydrogenation of monosubstituted and frans- 
disubstituted olefins. 

Tables | and 2 clearly show that for these reactions at least / is a more nearly con- 


stant quantity than A’. Although data from other reaction series are less conclusive, 


Kreevoy and R. W. Taft. Jr.. J. Amer. Chem. Soc. 77, 5590 (1955) 
Taft, Jr. and M. M. Kreevoy. J. Amer. Chem. Soc. 79. 4011 (1957) 
Kreevoy and R. W. Taft. Jr.. J. Amer. Chem. Soc. 79. 4016 (1957) 
Taft, Jr., Steric Effects in Organic Chemistry (Ed. M. S. Newman) p. 556. Wiley, New 
York (1956) 
>C. A. Coulson, Valence p. 238. Clarendon Press, Oxford (1953) 
®* J. W. Baker and W. S. Nathan, /. Chem. Soc. 1844 (1935) 
7M. M. Kreevoy and H. Eyring, J. Amer. Chem. Soc. 79 5121 (1957) 
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TABLE |. COMPARISON OF / AND /' FOR HYDROLYSIS OF ACETALS AND KETALS 


log(k 
CH, 
iso-C,H, 
tert.-C, Hy, 
(C,H,)CH 
H 


XCH, 


KCH, 


* Data taken fro The standard compound, for which 


n acetona 
rage ot nn ubstitut tal h h 
verage seven monosu ituted acetals in whit ana 


Average of seven monos ibstituted ket ils in which a Sanda 


TABLE 2. COMPARISON OF /t AND /’ FOR HEATS OF HYDROG NATION OF OLEFINS 


R,CH CHR," 


SH-AH 


tert. 
tert.-C,Hy, 


XCH,§ 0-27 


* These data were taken from ref. 2 except as otherwise noted. The standard compound is 
trans-2-butene, for which 4H 4H,, Xo* Ola No 6andn No 2 
Average of ten monosubstituted compounds in which n 2 and n l 
Taken from the data of R. B. Turner, D. E. Nettleton and M. Perelman, J. Amer Chem. Soc. 


80. 1430 (1958): corrected from solution in acetic acid at 25° to the gas phase at 82 
§ Average of three monosubstituted compounds in which n 5 and n 2 


= 
234 
+ 3-60L0* h h 
37 
2-62 0-52 26 
2-99 0-50 3-0 
2-43 0-49 2-4 
eee 3:73 0-62 1-9 
H 0-5 2:3 
On ny 6 and 
H H 2:8 ( 
CH H 1:3 0-43 1-3 
iso-C ,H, H 20 0-40 
sec.-4 iH, H 0-42 2:1 
tert.-C, Hy, H 2:2 0-3 
XCH,? H 0-39 1-6 
iso-C,H, CH 0-5 0-25 0 
C,H 0-5 0-25 5/0 
CH, 1-22 0-40 1-2/4 
tC, Hy 2:33 0-39 2 
27/0 
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it seems quite likely that we are dealing with a phenomenon in which hydrogen plays 
a special role, quantitatively, if not qualitatively. This is in accord with the original 
ideas of Baker and Nathan,®*: * based on a qualitative comparison of reactivities. 
Table 3 compares /, p* and the average value of 4H, or 4F, to which a single «f- 
unsaturated substituent gives rise. These values were empirically determined from 
equations (1) and (2).*: 


It seems quite plain that p* is not related in any simple way 
to A or SF, or 4H,. If the Baker—Nathan effect is closely related to the resonance 
effects arising from conjugation and if the z-hydrogen bonding model is used, simple 
theory’: * predicts that / should equal 0-07 times the resonance effect of a single «- 
unsaturated substituent for the first three reactions in Table 3, but should be 0-13 
times this resonance effect for the hydrogenation of acetylenes to alkanes. Table 3 
bears out this prediction. These facts strongly suggest that the Baker—Nathan effect 
is related to conjugation, a view which has been widely held since the effect was first 


8 10 


recognized.®: 


TABLE 3. INDUCTIVE, CONJUGATION AND BAKER-—NATHAN EFFECTS* 


Reaction h or 


Acetal hydrolysis 4-93 0-73 70 
Olefin hydrogenation 
Carbony! hydrogenation 


Acetylene hydrogenation 


* Taken from refs. 3 and 9 
The average value of 4Fy or 4Hy to which a single a8-unsaturated substituent gives rise. 
These values have been multiplied by 2:3 RT to make them comparable with others in this 
Table 
§ 4F for the reaction R,R,CH = O + H, >R,R,CHOH at 60 in toluene solution, obtained 
as described in Ref. 2 


Table 4 shows that 4F, for hydrogenation of carbonyl compounds and 4H, for 
hydrogenation of olefins and acetylenes are closely approximated by the change in 
resonance energy, 4F,, calculated for the reaction by the LCAO-MO method.*: ® 
Table 5 shows that these calculations are much less satisfactory for estimating the effect 
of conjugation on the acid-catalyzed hydrolysis rates of acetals and ketals. In these 
calculations the carbon-carbon z-bond resonance integral (8) was given the value 13-5 
kcal/mole and it was assumed that the resonance integral for the carbon—oxygen bond 
was equal to that for the carbon-carbon 7 bond.* The Coulomb integral for oxygen 
was given a value larger by 0-58 than that for carbon, but the results are not too sensi- 
tive to the values of the Coulomb integrals. 

In calculating the resonance energies of the acetal and ketal hydrolysis transition 
states the transition state was assumed to resemble the product of the rate-determining 
step, (R,R,COC,H;,) 


* J. W. Baker, Hyperconjugation. Oxford University Press (1952). 
*M. M. Kreevoy, unpublished work 
1° R.S. Mulliken, C. A. Rieke, D. Orloff and H. Orloff, J. Chem. Phys. 17, 1248 (1949). 
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TABLE 4. RESONANCE ENERGIES OF OLEFINS AND CARBONYL COMPOUNDS* 


Compound 4H, or AF Al 
(kcal/mole) (kcal/mole) 


CHCO.CH 
CHC,H 
H  CHCO.C.H 


CHCH—CHC,H 


CCOOH 


HCHO 


HO 


236 
Olefins 
CH= CH=CO 62 +06 6-6 
C.H.CH=Chh 4-3 5-2 
C,H.CH 12-8 
C.H.CH 2-§ 1>-6 
n-C ( ( CnC,H 10 17-4 
C ( CH 1] 12-6 
CH,.CH >| 6+ 
C.H.CH CHCHE 5-8 70 
( H.C © fy 4 &.9 
12-6 
12-8 11-2 
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TABLE 5. ACETAL AND KETAL HYDROLYSIS TRANSITION STATE RESONANCI 
ENERGIES 


Acetal or ketal AF,’ A} 
(kcal/mole) (kcal/mole) 


CH,CH =CHCH(OC,H,) 


C,H,CH =CH(OC,H;). 


his will be a satisfactory approximation only as long as the product ion is much 
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more highly stabilized carbonium ions indicates that the transition state for the hydro- 
lysis of these compounds in a resonance hybrid to which the protonated substrate 
is an important contributor. Conversely the moderately good fit for benzacetal 
suggests that the ion (R,R,COC,H,)® is a fair model for the acid-catalyzed hydrolysis 
of non-conjugated acetals and ketals.' The situation is illustrated in Fig. | 

The good agreement of the empirical and calculated resonance energies of such 
compounds as diethyl fumarate and acetylenedicarboxylic acid lends strong support 
to the p*’s calculated from unconjugated compounds. The carbethoxy group o* ts 
2-0 and that for COOH is 2-9 (the groups are strongly electron-withdrawing by an 
inductive mechanism) so that any serious error in p* would lead to a grossly incorrect 
value of JH,. For example, Wheland™ obtained a negative resonance energy for 
diethyl fumarate essentially by setting p* 0-0 for the hydrogenation of olefins 

These two examples demonstrate the usefulness of reliable estimates of JE, 
Comparison of calculated and observed values of / could be just as useful if reliable 
calculations can be made 


In the naive LCAO—MO method of calculating resonance energies’ the 7 energy 


levels, E, of a hypothetical non-resonating ally! cation, ¢ ( ( can be calcu- 

lated from equation (4). The interactions which give rise to the 7 bond are represented 

by the non-zero |,2-resonance integral If interactions between the empty 7 orbital 


(4) 


on C, and the = orbital on C, are recognized, the 2,3-resonance integral also becomes 
8. since the ion is symmetrical. Equation (4) then becomes equation (5). The roots of 
equation (4) are / 0 Since 8 is a negative quantity, the total 7-clectron 


delocalization energy of the non-resonating allyl cation is 28. (Putting the two elec- 


trons into the lowest possible energy level.) The roots of equation 5 are / 0 


1-418 and the calculated total delocalization energy of the resonating allyl cation ts 
2-828. Subtracting 2-008 from 2-828, the resonance energy of the allyl cation is 0-828 

The facts cited above strongly suggest that a carbon—hydrogen bond adjacent to a 
# orbital should also be linked to that orbital through a non-zero resonance integral 
Since this system is not symmetrical, the resonance integral binding the 7 orbital to 
the carbon—hydrogen bond will not be the same as that binding carbon to hydrogen. 
if H,,. represents the resonance integral for the carbon-hydrogen bond and Hy, 
represents the resonance integral binding the 7 orbital to the carbon—hydrogen bond, 


the energy levels of a carbonium ion H,-C,-¢ will be given by equation (6a) in 
which 
Hy. 


Hy, 0 (6a) 
Hy, 


Wiley, New York (1955) 


2G. W. Wheland, Resonance in Organic Chemistry pp. 80 and 85 


— 

; 
/ 0 0 
— 

| 0 (5) 
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differences in Coulomb integrals have been neglected. The resonance energy given by 
equation (6a) is |(/1,,* + H,,*) H,,| and represents the stabilizing influence of a 
single carbon—hydrogen bond on an adjacent cation. The secular determination shown 
in equation (6a) can be enlarged in a straight forward manner to give the energy 
levels and resonance energy if more than one carbon—hydrogen bond is involved. 
Compounds other than carbonium ions can be dealt with similarly. The resonance 
energy to which «-carbon—hydrogen bonds give rise is thought to be the cause of the 
Baker—Nathan effect 

Equation (6) assumes that there is a non-zero resonance integral for the 7 orbital 
on C, with the sp* orbital on C, which is holding the hydrogen atom. A particular 
formulation of this assumption has been called “hyperconjugation” and its conse- 
quences extensively explored.'* Another alternative is to consider a non-zero reson- 
ance integral for the 7 orbital on C, with the hydrogen Is orbital. This has been called 
“a-hydrogen bonding” and produces a secular determinant which is formally equiva- 
lent to that in equation (6a).’ 

Hyperconjugation explains most of the features of the Baker—Nathan effect. It 
has the advantage that, when estimated by equation (7), the resonance integral for 
the carbon sp* orbital with a 7 orbital on an adjacent carbon atom is substantially 


larger than that for the 7 orbital with the hydrogen Is orbital 


H TAYE S) 


Equation (7) is based on the assumption that the exchange integral is a nearly 
constant fraction of the bond energy.'* The parameters A are those of Mulliken. 
Parameters / are the mean of the ionization potentials of the orbitals making up a 
bond. The overlap integrals, S, used in this paper are for Slater atomic orbitals and are 
taken from the tables of Mulliken ef a/."° Quantities marked with the subscript ab 
pertain to the bond in question. Others pertain to the aromatic 7 bond 

Hyperconjugation, however, has the disadvantage that one is hard pressed to 
explain the particular effectiveness of Aydrogen atoms, which is clearly shown in Tables 
| and 2 

As an alternative to hyperconjugation we may consider z-hydrogen bonding 
z-Hydrogen bonding leads to equation (6b), which differs from equation (6a) only in 


that the numerical value of H,, is not necessarily the same as that of H,, 


Hy» 
Hy, I 0 0 (6b) 


Hy, 0 


z-Hydrogen bonding would represent the Baker—Nathan effect as a sort of minor 
neighboring group participation,’®: ** not important enough to lead to major altera- 


tions of molecular geometry. It would explain the unique effectiveness of hydrogen, 


8. Lofthus, J. Amer. Chem. Soc. 79, 24 (1957). Reference to voluminous work by Mulliken and 
his co-workers can be found in this paper 

4 RS. Mulliken, J. Phys. Chem. 56, 295 (1952) 

% M. Simonetta and S. Winstein, J. Amer. Chem. Soc. 76, i8 (1954) 

 S. Winstein and E. Grunwald, J. Amer. Chem. Soc. 70, 828 (1948). 
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since both theory’ and experiment"? indicate that a hydrogen atom interacts more 


effectively than a saturated carbon atom with a z orbital on a neighboring carbon atom 

Equation (7) gives H,, 0-38. where 8 is the aromatic carbon-carbon bond, if 
the 2.3-interactions are assumed to be those of the 7 orbital with the hydrogen ls 
orbital. The Morse function and the spectroscopic properties of C-H indicate that 
this molecule would retain about 1/4 of its bond energy if stretched to the distance 
separating C, from H,. It seems plausible, at least, to set Hy, 1/48 in calculations 
of z-hydrogen bondir 

The empirical data suggest that the Baker—Nathan effect should be a fairly linear 
function of the number of carbon—hydrogen bonds adjacent to the = orbital. The 
calculated resonance stabilization provided by z-hydrogen bonding will be such a 
function provided that two conditions are satisfied : (1) that H,, 1s small by comparison 


with H,., and (2) that H,, is the same for all of the carbon-hydrogen bonds For 


example, if H 1 /4H,,. the resonance stabilization of a carbonium ion by a single 
»-carbon—hydrogen bond is 0-062 H,.. With the same assignment of integrals the 


stabilization of a carbonium ion by six adjacent carbon—hydrogen bonds is 6 
0-055 H.. 

The Baker—Nathan effect can be calculated from equations like (6) by calculating 
nergy of the general starting material (1), the general product (II), 


ird product (IV) 


the nar 
ne resonance ¢ 


the standard starting material! (111) as 


(111) 


(IV) 
(IV) 


Using H 14 kcal/mole and H 1/4 H,.. a number of average /: values 


ive been computed from equation (8) by varying 7 from O to ”n hose for the 


R,R,CHOH 


R,CH—CHR H - R,CH.CH.R (10) 


R,CH,CH,R 


EMPIRKIK 


0-04 


0-44 


0-05 


0-6!) 


17 dy W Wi ind ii ( ne? fy p S13 Wiley New York (1949) The experi- 


a hydrogen atom on a carbon atom 


aptitude ol 


48 FE. Berliner and F. Berliner, J. Amer. Chem. Sov 71. 1195 (1949): hid. 72, 222 (1950) 


Le 
te 
{ | | | } (8) 
—— 
4 reacuions 
4 
R, RC =O H, (9) 
R,C=CR 2H . (11) 
are compared with empirical values il Table 6 
TABLE 6. CALCULATED AND VALUES OF / 
React! Calcd Empirical 
0-43 O-S¢ = 
0-85 
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The calculated / for the formation of a carbonium ion from a saturated compound 


is —0-80 kcal/mole. The empirical / for acid catalyzed hydrolysis of acetals and ketals 
is —0-73 kcal/mole. The agreement supports the conclusion, previously suggested on 
other grounds, that for most acetals and ketals the hydrolysis transition state closely 
resembles the carbonium ion. On the other hand, the empirical A for solvolysis of 
tert.-carbinyl chlorides in aqueous ethanol at 25° is only —0-34 kcal/mole, which 
suggests that the solvolysis transition state has substantial resonance contributions 
involving a covalent bond from a solvent oxygen to the central carbon atom. The 
calculated /h for reaction (12) 


R, 


is —(0-80 — 0-43) 0-37 kcal/mole. It has recently been shown that this is approxi- 
mately the value of / for the hydration of monosubstituted isobutylenes,* XCH,C 
(CH,) CH,, supporting the conclusion that the transition state for this reaction in 
some ways resembles the carbonium ion. These examples illustrate the usefulness of 
equation (6) and the integrals given for the estimation of / 

It is recognized that H,, is actually not independent of n. The first x-carbon- 
hydrogen bond can exert the greatest stabilizing influence because it can assume the 
ideal position in space, as nearly as possible parallel to the 7 orbital. A carbon- 
hydrogen bond lying in the nodal plane of the z orbital will exert no stabilizing influ- 
ence at all. These effects, however, are probably considerably leveled by rotation about 
the C.-C, « bond, so that something of an average effect is actually observed. Much 
the same thing is true of open-chain conjugated systems. It is thought to be respon- 


sible for the lowering of the resonance integral from 18-20 kcal/mole in systems having 


fixed, ideal, geometry, to 13-14 kcal/mole in open-chain conjugated systems. The 
use of the latter value for 8 undoubtedly results in a partial compensation for the 
non-ideal geometry in z-hydrogen bonding 


A “Baker—Nathan order” has been observed for rates of bromination of compounds 


in which R was varied from methyl to fert.-butyl. ‘This might very well be due to 


‘B-hydrogen bonding”,’ in which the overlap integral for a 7 orbital with a 8-hydro- 


gen atom is considered to be non-zero 


Che most realistic approach to the problem of resonance stabilization due to a 
carbon—hydrogen bond « to a = orbital is to assume that both the resonance integrals 


mentioned above are non-zero. Such an assumption leads to equation (12) 


H 
H,. I H 0 (12) 
H, Hy, 


from the ion H,—-C, Since none of the resonance integrals, Hap, in equation (12) 


* Unpublished results kindly communicated by Professor R. W. Taft, Jr. 


| 
R, R 
H ( CH, CH. (12) 
R, 
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can be reliably evaluated, it is plain that this model can accommodate a wide variety 
of Baker—Nathan effects for any particular reaction series, so that no single value 
can be used to test it. If H,, is of about the same order of magnitude as Hy, this 
model does make the unique prediction that the Baker—Nathan effect will be far 
larger for carbonium ion reactions than for carbanion reactions. This prediction can 


be seen in Table 8, which compares the calculated resonance energies of H,-C,-C;° 
H,-C,-C,? and H,-C,-C,=C,. In these calculations it was assumed that HH» 
B and, where needed, H;, 2 All differences in Coulomb integrals were neglected. 


TABLE 8. CALCULATED RESONANCE ENERGIES FOR A VARIETY OI H,, AND Hg, 


Resonance energy 
H,C H,C.C, H,C 
0-000 0-000 0-000 
0-062 0-062 0-031 
0-016 0-016 0-008 
0-225 0-000 0-062 


0-060 0-000 0-0168 


0-132 0-0168 0-040 


It can be seen from Table 8 that the predicted resonance energies of carbanions are 
identical with those of carbonium ions as long as either H,, or Hg, Is zero If the 
smaller of these is even half of the larger, however, the resonance energy of the car- 
banion is only a little more than 1/10 of the resonance energy of the carbonium 10n. 
As the difference between the two becomes less, the resonance energy of the carbanion 
becomes smaller still, while that of the carbonium ion becomes larger. These general 
conclusions are independent of the absolute values of any of the resonance integrals, 
and also independent of which resonance integral 1s the larger 

If the magnitude of the Baker—Nathan effect on some carbanion or carbanion-like 
reactions could be compared with some carbonium ion reactions, an estimate of 
Hys/Hes (or Hy3/H,) could be made. | nfortunately (or fortunately, depending on 
one’s point of view) the required data do not seem to be available for carbanion-type 


reactions 


4 
: 
C, 
0 0 
1/4 0 
1/4 1/4 
a 
j 
1/82 1/8 
1/48 1/8 
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DEUTERIUM ISOTOPE EFFECTS AND 
HYPERCONJUGATION 


V. J. SHINER, Jr. 


Department of Chemistry, Indiana University 


Abstract—There now exists ample published evidence which indicates that reactions with rate- 
determining steps which involve carbonium ion or partial carbonium ion formation are slowed by the 
substitution of a deuterium atom for a hydrogen atom in a hyperconjugating position. In each of the 
several cases where data are available it seems that the isotope rate effect is paralleled by an isotope 
activation energy effect although entropy factors also contribute. It seems fairly clear from theory 
that the isotope activation energy effects can only arise from (a) changes in vibration frequency of the 
hydrogen and deuterium atoms on activation, (b) tunnelling of the hydrogen atom or (c) anharmonicity 
effects. The second effect must be unimportant in these reactions although it might be a major factor 
in reactions where hydrogen bonds are directly broken. Several lines of evidence indicate that 
anharmonicity effects although small are present and may confuse the quantitative interpretation of 
the isotope rate effects. Thus the interpretation of secondary isotope rate effects is complicated but 
the application of the time-honored classical organic chemical method of comparing the effects in a 
large number of different compounds indicates that hyperconjugation is the predominant cause of 
these secondary isotope rate effects. If we further assume that the variations in these effects in closely 
related compounds are due to variations in hyperconjugation, the following conclusions are tenta- 
tively indicated: (1) There are steric effects on hyperconjugation. (2) There are substituent effects on 
hyperconjugation; conjugating and hyperconjugating substituents increase the extent of hyper- 


conjugation of a single C-H bond. (3) There are solvent effects on hyperconjugation 


It has been known for several years that the replacement of hydrogen in a hyper- 
conjugating position by a deuterium atom generally leads to a diminution in the rate 


of carbonium ion-type reactions. The author’s studies of these phenomena have been 
concerned with the solvolysis rates of §-deutero-fert.-alkyl chlorides,!: *»* p-(x- 
deuteroalkyl)diphenylmethyl chlorides* and «-deuteroketals.® 

Similar systems which have been studied by other workers include the solvolysis 
of (1) £-deutero-2-pentyl chlorosulfite, tosylate and bromide,® (2) cis- and trans-f- 
deuterocyclopentyl tosylates,’ (3) §-deutero-8-phenethyl tosylate,* (4) 1-chloro-1- 


d, analog.® 

The present paper will briefly review with deductions from the absolute rate theory 
the possible origins of these isotope effects; critically examine the rather extensive 
experimental data now available in order to empirically assess in a qualitative fashion 


J. Shiner, Jr... J. Amer. Chem. Sox , 2925 (1953). 

J. Shiner, Jr... J. Amer. Chem. Soc 2653 (1956). 

. Shiner, Jr.. J. Amer. Chem. Soc , 1603 (1954). 

. J. Shiner, Jr. and C. J. Verbanic, J. Amer. Chem. Soc. 79, 373 (1957). 

®° V. J. Shiner, Jr. and Sally Cross, J. Amer. Chem. Soc. 79, 3599 (1957) 

S S. Lewis and C. E. Boozer, J. Amer. Chem. Soc. 74, 6306 (1952): Ibid. 76, 795 (1954). 

’ Streitwieser, Jr., R. H. Jagow, R. C. Fahey and S. Suzuki, J. Amer. Chem. Soc. 80, 2326 (1958) 
* W. H. Saunders, Jr., S. Asperger and D. H. Edison, Chem. & Ind. 1417 (1957). 

* E. S. Lewis and G. M. Coppinger, J. Amer. Chem. Soc. 76, 4495 (1954) 


243 


| 
| 
| 
he 
‘ 
| 
| | thyl- 
be 


244 V. J. Surver, Jr 


the relative importance of the several theoretically possible origins and interpret the 
meaning of these data with respect to some of the problems of hyperconjugation. 

Although several others considered the problem earlier, the most extensive theoreti- 
cal treatments of the effects of isotopic substitution on reaction rate have been made 
by Bigeleisen'® and Melander."' Each of these authors examined the effects of chang- 


ing nuclear n n the parameters in the equation derived from the “theory of 


absolute rates” and. although the two treatments differ in some details, the results are 


equivalent. The equation derived by Bigeleisen for the isotope effect may be expressed 


as follows, neg! 
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If v, is high or T low, the first term in each of the brackets is very nearly zero and the 
activation-energy difference is due to the difference in the zero-point energy differences 
in the initial and transition states. If v,; is low or T high, occupation of the excited 
vibrational levels becomes significant and the first term in the brackets in each case 
becomes significant relative to 1/2 and the activation energy is not exactly equal to the 
difference in the differences in zero-point energies. However, it is important to note 
that if the frequencies of vibration v, do not change on activation (v v+, and u; 
u*,) then there can be no difference in activation energies between hydrogen and deu- 
terlum compounds. Therefore if it is known that deuterium substitution causes a 
higher activation energy one can be certain that it is due to (1) a lowering of one or 
more vibration frequencies involving the isotopic atom in the transition state, (2) 
anharmonicity or tunnelling effects neglected in the above treatment or, much less 
likely, (3) a temperature coefficient of the transmission coefficient ratio. It also seems 
impossible that tunnelling effects would be important in those reactions which do not 
involve C-H bond rupture. Thus an observed isotope activation energy effect means, 
with the possible exception of anharmonicity effects discussed below, that the vibra- 
tion frequencies of the isotopic atom change in going to the transition state. This 
could be due to either bond strength changes or to changes in non-bonding inter- 
actions. Bond strength changes may be due either to inductive or hyperconjugative 
interactions of the isotopic bond with the reaction center. Thus the developing car- 
bonium ion center can withdraw electrons from an adjacent C-H bond, making this 
bond weaker in the transition state. The bond will therefore have a lower vibration 
frequency in the transition state and substitution of D for the H will cause the rate to 
be slower 

Halevi observed that the acid ionization constants of x-dideuterophenylacetic 


acid and «-dideuterobenzylammonium ion were smaller than those of their protium 
analogues and suggested that this apparent greatel electron release by the C-D bond 
than the C-H bond is due to anharmonicity and a resulting slight disparity in the mean 
configurations of the C-H and C-D bonds. These results could be due to the effect 
Suggested or to an inductive effect on the vibration frequencies.’ More convincing 
evidence of the role of anharmonicity on the relative ground state electron releasing 
abilities of C-H and C-D bonds has been given by Tiers,"* who reports that nuclear 
magnetic resonance shifts indicate that the fluorine nuclei of the CF,H group of 
CF,-CF,-CF,H are less shielded than the corresponding nuclei in CF,CF,-CF,D 
Streitwieser™ has pointed out that the observation of optical activity due solely to 
differences between D and H, in, for example, CH,-CH,-CH,-CHD-—OH," must be 
due to anharmonicity effects. However, it is difficult to extrapol: om these latter 
observations and predict what kinetic o1 equ librium constant effects should result 
from such anharmonicity influences. A rather complete theoretical treatment of the 
isotope effect in the trideuteroacetic acid—trideuteroacetate ion equilibrium, neglecting 


anharmonicity, should be possible. If this corresponds nearly to the observed values, 


as Streitwieser’ suggests is probable, then anharmonicity effects could be judged to be 


correspondingly small. As Lewis has pointed out in his paper delivered at this Con- 


ference, these secondary isotope effects due apparently to inductive interactions are 


\ Halevi, 
V. D. Tiers, mer Ta, c. 79, 5585 (1957) 
Streitwieser, Jt rsonal communication 


Streitwieser Chem. Soc. 5014 (1953) 
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Taste |. lsorore ARRHENIUS PARAMETER EFFECTS IN SOLVOLYSIS REACTIONS 


Compound Eat D)- Eat) 
(CH.)CD-CCUCH,) S80 0-32 
p-CD,-C, H,-CHCI-C,H 100 0-075 

0O-OR4 


p-CD.-C,H,-CHCI-CH 155 


* Rel. 3 Rel Ref. 9 


The results in the first entry in Table | are probably more reliable than the other 
First the secondary isotope 


two. Two main conclusions can be reached from the data 
effects under study are caused in large part by an activation energy effect and secondly 
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the proportion of the total effect due to the activation energy effect seems to be rea- 
sonably constant hus the comparison available suggests that in a related series of 
reactions the isotope rate effects are parallelled by isotope activation energy effects 

Tunnelling effects in these reactions must certainly be small. Similarly changes in 
non-bonding interactions at the 8 hydrogens must be small because the only nuclei 
changing their positions appreciably are at least two atoms removed and the hydro- 


gens on the £ positions do not appear from models to be crowded 


Thus the only three remaining effects which might influence the activation energy 


are anharmonicity, inductive interactions and hyperconjugative interactions. From 


Halevi's and Lewis's results combined anharmonicity and inductive effects seem to be 


yxresent but they are apparently considerably smalier than the total effects observed 
rl 


in the solvolysis reactions and in the opposite direction. Lewis, in his paper delivered 


le 
at this Conference, has examined extensively by comparing examples of observed 
secondary isotope effects in a wide range of reactions the connection between hyper- 
conjugation and secondary isotope effects and has concluded that hyperconjugation 
is one of the important sources of isotope effects. In the remainder of this paper the 
argument will be pushed a step further and some secondary isotope effect results will 
be used in a tentative exploratory attempt to study | yperconjugation. The important 
qualifying assumption that will be used ts that the relative magnitudes of the secondary 
isotope rate effects in the ely related reactions being compared reflect the relative 
degree of hyperconjugative release of electrons fi he isotopically substituted 
bonds. One important pom ch needs to be emphasized ts that, even if this assump- 
tion 1s truce, what 1s obta is the relative degree of hyperconjugative electron release 
from the bonds isotopically substituted and not of the entire group. This limitation 
takes on added significance now that a number of important papers at this Conference 
have emphasized thi C hyperconjugation may and probably does have an import- 


ance comparable H hyperconjugation 


Taste 2. TERTIARY ALKYL CHLORIDE SOLVOLYSES 


“SO AQ. ALCOHOL, 25 


> 
Ay 
CH CD 
CH, CH, CH, -C-—CD 
CI 
CD CH, CH 
CH CD, —( CD CH ( ( CH 
Cl D Cl 
kylkp 2-35" 1-287 
* Ref. | t Ref. 3 
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The results summarized in Table 2 show that the §-deuterium rate effect 1s cumu- 


lative as one, two or three of the alkyl groups are deuterated 


wieser’? summarized in Table 3 show in addition that increasing deuteration of a single 


The results of Streit- 


TABLE 3. ACETOLYSIS OF CycloPENTYL TOLUENESULFONATES, 50°* 


Alkyl toluenesulfonate 


trans-cycloPenty|l-2-d 
cis-cycloPentyl-2-d 


cycloPentyl-2, 2, 5, 5-d 


* Rel 


alkyl group increases the rate effect proportionately. These results are of course 
consistent with an interpretation based either on inductive or hyperconjugative 
interactions but more importantly form the basis for dividing the rate effects subse- 


quently quoted into effects per deuterium atom. These are sometimes given as AAI 
per deuterium atom which is (R7T/n) In (Ku/k p), where n is the number of deutertum 
atoms in the deuterated compound or position. By using this method of presentation, 
the data given in Table 2 can be re-stated as in Table 4 to indicate that methyl substi- 


tution on the 8 carbon carrying a deuterium atom increases the isotope effect 


TABLE 4. TERTIARY ALKYL CHLORIDE SOLVOLYSES 


AO ALCOHOI 


Group 


CD 
CH 
(CH 


YZED HYDROLYSIS DEUTEROKETALS 


40. DIOXAN, 


n group 
Acetone-d, D 
Methyl ethyl ketone-a-d D,-CH 

D(CH 4), 


Methyl isopré py 


Phenoxyacetone-a-d 


Ketone 


* Ref. 5 
Corrected to 100 deuteration 


than methyl assuming that the rate effect of deuteration of the methyl group is 


* In group other 


constant in the series 


2-06 
7 
44} 44F, per D 
4 deuteratior 
168 $6 
CD 190 95 
.-CD 156 156 
* Refs. | and 3 
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Data on the effects of «-deuterium substitution on the rates of hydrolysis of ketals® 


are summarized in Table 5. In the fifth vertical column these data are broken down. 


assuming that the effect due to deuteration of the methyl group is the same in each 
compound, into 44F, values per D atom in each of the different groups 

The first conclusion possible is that the isotope effects in these reactions are less 
than those observed in the solvolysis of 8-deutero-fert.-alkyl chlorides. This is pre- 
sumably due to the smaller degree of vacancy at the carbonium ion center in the transi- 
tion state which ts partially reduced by resonance with the attached oxygen. Thus the 
transition state approaches a carbonium—oxonium ion hybrid represented by the 


following structure 


Secondly, we see that the rate effect per D atom varies depending on whether the 
deuterated group is methyl, ethyl or isopropyl in the same general way as was observed 
in the alkyl chloride solvolyses. In addition the rate effect of deuteration of the phen- 
oxymethyl substituent ts large. Therefore £ substitution of either methyl or phenoxy 
groups increases the magnitude of the $-deuterium isotope effect. Since the methyl 
group is an inductive electron releaser while the phenoxy group is an inductive elec- 
tron attractor, it would seem that the similar effects of the two groups on the isotope 
rate effect would be related to their conjugative electron-releasing powers, which 
operate in the same direction for both but to a greater extent in the phenoxy group. It 
the isotope rate effects are » attributed to hyperconjugation, it seems reasonable 
to attribute the substituent influences on the isotope effects as being due to their 


stabilizing influences on the hyperconjugating resonance contributing forms 


(Hl) (Ila) 


Thus, owing to the known stabilizing influence of methyl and oxygen substituents on 
double bonds, (IIla) should contribute more to the structure of (III) than (Ila) does 
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to (11), and (Ila) to (Il) more than (la) does to (I). Therefore the extent of 8-C-H 


hyperconjugation would be (III) (Il) (1). This is just the order observed in the 


isotope rate effects 

Further substituent influences on the isotope rate effects have been tabulated in 
Table 6.2: * Here a single §-alky! substituent in a tertiary alkyl chloride is varied from 
methyl to ethyl to isopropyl to fert.-butyl and the effect of deuteration of both the 


B-methylene group and a 8-methyl group on the solvolysis rate 1s given 


TABLE 6. TERTIARY ALKYL CHLORIDE SOLVOLYSES 


ne 
ALCOHOI!I 


AQ 


and 16 


Refs 


lhe first column of numbers shows the fairly constant rate effect of methyl deutera- 


tion as the halide structure is changed. The difference between 1:34 and 1-40 1s just 
on the borderline of the combined experimental error in these rate measurements and 
may not be significant. Similarly the vertical column of entries on the right shows the 
constancy of the effect of methylene deuteration on the rate until the last member 
where the effect is smaller by a factor of about five. This remarkable absence of an 
isotope rate effect in the solvolysis of 2-chloro-2,4,4-trimethylpentane-3,3-d, has been 
attributed to the operation of severe crowding in this highly branched structure which 
prevents the 8~C-D or 8-C-—H bonds of the methylene group from adopting a transition 
state conformation favorable to their hyperconjugation with the carbonium ton center 
It is believed that this steric inhibition of the isotope rate effect provides a striking 
example of the connection between the isotope rate effects and hyperconjugation and 
simultaneously important evidence for the concept of steric inhibition of hyperconju- 
gation of a given pair of C-H bonds. It should be noted that, if C-C hyperconjugation 
is important, the C.-C, bond should be in an optimum configuration for the operation 
of this effect and the neopentyl group might still show appreciable overall hyperconju- 
gative electron-releasing ability. Saunders has recently observed an interesting con- 
firmation of this effect in the absence of a £-deuterium isotope effect in the solvolysis 


of f-dideutero-8-phenylethyl tosylate. Here the transition state configuration ts 


apparently fixed by participation of the 8-phenyl group. This effect leaves the p-C H 
or C-D bonds in a poor conformation for hyperconjugation, as shown in the Newman 


projection formula on the right 


VJ. Shiner, Jr.. unpublished results 
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O-Ts OTs 

The results of a series of experiments on the isotope effects on solvolysis rates of p- 
deuteroalkylbenzhydry! chlorides* are summarized in Table 7. These constants were 
carefully measured and the rate ratios should be accurate to +1 per cent 


p-DEUTEROALKYLBENZHYDRYL CHLORIDES SOLVOLYSES 
“80°.” AQ. ACETONE, 0°* 


TABLE 


p-Alkyl group ku/kp 


CD 1-06 
CH,-CD, 1-025 
CH,-CH-CD, 1-020 


CH, 
(CH,),CD 1-006 


* Ref. 4 


lhe first thing that is noticed is that the isotope effects still operate from a spot 
which is in a position to hyperconjugate through unsaturated linkages with the reac- 
tion center. Thus there must be no changes in non-bonding interactions at this remote 
site on activation and this factor mentioned above is additionally discounted. Lewis® 
has reported similar effects in p-tolylmethylcarbinyl chloride and has in addition 
observed a very small negative isotope effect (ky/k p 1) in m-tolylmethylcarbinyl 
chlorides deuterated in the meta-methyl position. Thus the absence of the character- 
istic isotope effect in the meta position and its presence in the para position argue 
strongly that hyperconjugation is a dominant factor in promoting such rate effects. 
It is to be noted additionally that these p-deuteroalkyl effects do not show the same 
relative orders of magnitude characteristic of the 8-deuterium effects. Thus the effect 
per CD is largest in the methyl, next largest in the ethyl and essentially nil in the 
isopropyl group. These results are suggestive of the operation of some steric hindrance 
to hyperconjugation in the ethyl, isobutyl and isopropyl groups. This might be 
expected to be more important when the alkyl groups are attached to a benzene 
ring than when they are attached to a carbonium ion because the ortho-hydrogens 
are pointing in a fixed direction out in the plane of the benzene ring. In addition there 
is less energy gained from hyperconjugation from the remote position and less driving 
force tending to overcome any steric hindrance to the most favorable conformation. 
It should be pointed out that the isotope effect would be a measure only of the final 
situation achieved not mitigated by energy expense necessary to achieve it. 

Lastly, several sets of experiments indicate that there are important solvent effects 
on the 8-deuterium and related secondary isotope effects. Some results* are shown in 
Table 8. 

Lewis has reported to this Conference some similar observations. Although the 
electron demand from the reaction center will vary from solvent to solvent and cause 
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BENZHYDRYL CHLORIDE SOLVOLYSES, O * 
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Abstract—Various aspects and examples of conjugation and hyperconjugation are surveyed. and the 


desirability of an CXpilic C Ss on of DOIN cor gation and hyperconjugation into two major 
types, isovalent and sacrificia ordinary) is emphasized The existence of a third type pluvalent 
conjugation, is also mentioned. Further, the desirability of a subclassification of isoconjugation and 
isohyperconjugation eacl nto three subd-types (dative, non-dative and homodative in orderol 
increasing conjugative stabilization) is pointed t, with examples. Sacrificial conjugation and hyper- 
conjugation are usually non-dative, Dut some examples of dative conjugatior and hyperconjugation 
are ted The mtrins \ ntness of the nd cl v4 al if esomel effects ol wi cI are forms of 
resonance) in homodative isoconjugation and isohyperconjugation is emphasized. Homodative alkyl 
isonyperconjugation in cardon sed extensively, with espec reference t tulay’s 
Conterence pape Ss I » Ine p ed the c ¢ ce p ed by experi- 
mental Spectroscopic ¢ lence } he ¢ ene p n is pal lly sted i sg ind state, 1s 
presented ine twis yen 

Definitions of the te vTCO ered with § ec e I suggested that the 
Baker—Nath etlec elc clifte es een C—H 1 gation) 
should not itself be desc ) , perc g n. It is 
pointed out th e! ( ex C whza 
tion energy or elec D ec ( H Fir 
the writer wishes | pologize if he iS C les Zone stra n this paper Decause of the super- 
hiciality of his acgquair e ol ganic che 


l. INTRODUCTION 

(a) General remarks 
MULLER and the writer in a recent paper! have shown by modified Hiickel-type 
LCAO-MO (LCAO molecular orbital) calculations how the observed relatively 
large stabilization energies in alkyl radicals and ions (relative to CH, and CH,*) can 
be understood in terms of hyperconjugative 7-electron resonance. In seeking to 
understand the large size of the effects, they found it very illuminating to introduce 
a classification of hyperconjugative (and of conjugative) effects in terms of types of 
major VB (valence-bond) resonance structures. Although these structures are in 
general very familiar,” it was felt that a systematic classification and terminology would 
be of real value 

Although corresponding LCAO and VB structures are only roughly equivalent 
the equivalence is probably usually good enough to form the basis for a qualitative 
classification which should be significant for both. Although the LCAO method is 
more useful for quantitative calculations, one can much more easily obtain fairly 
'N. Muller and R. S. Mulliken, J. Amer. Chem. Soc. 80, 3489 (1958) 
2G. W. Wheland, Resonance in Organic Chemistry. Wiley, New York (1955) 
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reliable qualitative’ insight into the reasons for the magnitudes of 7-clectron reson- 
ance effects in various kinds of cases by writing corresponding VB resonance struc- 


tures. (But see Section Illia). Notes added 20 November 19538) 


The present paper ce uins a further development of the classification of conju- 
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principal classical structure or structures contain single bonds interposed between one 
quasi-multiple bond and either an ordinary multiple bond, a lone = electron, 2 
electron pair or quartet, or 7-electron vacancy [with a slightly extended definition for 
cumulenes—see Section III(a)]. Second-order hyperconjugation involves single bonds 
interposed between two quasi-multiple bonds; recent calculations® indicate that the 

effects of second-order hyperconjugation should be quite small 
In the discussion of unsaturated or aromatic molecules with a planar skeleton of 
the unsaturated and directly attached atoms, the x direction will always be taken in 
this paper to be perpendicular to the skeletal plane. Then in any quasi-double bond. 
quasi-o and one a quasi-7, or quasi-7,. Hereafter these will be designated as 

or be 

3roup H,= or R,= (as for example in H,=CO or R,=CO), let the bond 
the two H atoms or of those R atoms which form the quasi-double bond 
b. Then the [e¢] GO (group orbital) has the form a + 6, the ] or 


ng a normaizing factor in each case) 


For a group H,= or R, letting the thr bond orbitals of the quasi- 


triple bond be called a, 5, c, the [¢] GO 


bond. However 


rotation. (This is nm 
insofar as the different R's are unlike 
effectiveness. ) 
Il. ISOVALENT CONJUGATION AND ISOVALENT HYPERCONJUGATION 


(a) General characteristics; subclasses: i lati if inductive and mesomeric 


on (or isoconjugation if one wants a briefer term) there are 
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three main sub-classes of isovalent conjugation, namely (listing them in order of 
increasing expected resonance energy), (1), dative, (2), non-dative, and (3), homodative. 
Typical examples are the following: (1) for the dative subclass, chlorethylene: 1so- 


valent dative structure H,C--CH 


or chloracetylene; (2), for the non-dative subclass benzene and the allyl radical 


Cl* in addition to main structure H,C=CHCI; 


two equivalent isovalent structures each; (3). for the homodative subclass, allyl ton 
or amidinium ion, or their derivatives: two equivalent isovalent structures each, with 
stabilization not only by resonance per sc but also Dy necessarily concomitant partial 


uniformization of 7 cl arge distribution brought about by the dative action involved 


in a shift from one of the two isovalent resonance structures to the other (e.g. H,¢ 


CH=CH, to H,C=CH-—C*H,). Two familiar further examples of dative isocon- 


jugation (here superposed on benzenoid isoconjugation) are chlorobenzene and aniline, 


with dative isovalent structures C,H Cl* and C,H N*H, respectively 
Dative 1soconjugauion involves exciusively one-way 7 dative actior which costs 
energy in creating an (often long) dipole, so that the dative structure, although !so- 


valent with the main structure, is non-equivalent On the other hand, homodative 


isoconjugation releases electrostat energy by charge redistribution (equalization) 
as an intrinsic part of the total energy reicase by isovalent 7-electron resonance The 


resulting bond and charge distribution in the allyl ion may be summarized by 
H,C*#=CH=C"'H, 

But also, in the presence of either dative or homodative isoconjugation additional 
“inductive” shifts of charge via both o and 7 bonds must of course occur. In the dative 
case. they serve to lower the energy ol the dat ve resonance Structure Vcry consider- 
ably and thus increase its importance for the molecule; for example in CH,CHCI, 


H, 


Cc » CH Cl~ would much better describe the dative structure than H,¢ 
CH —Cl>: then in the actual molecule, when both the isovalent resonance structures 
have been inc uded. the Ci ator is 1OSt 7 Chal i a cl 

In the homodative case, inductive effects serve to distribute some oe al d also some 
7-electron positive charge to ali the atoms in tne molecule: the resulting distribution 


CH A major part of the z- 
H H 


h a single VB resonance structure, 


might be described by 


electron “inductive” redistribution, as compared 


had. however, already been accomplished by isovalent resonance. Further, it should 


be especially noted that LCAO-MO -z-electron calculations, in contrast to the usual 


VB formulations, automatically take into account ai inductive’ as well as mesomeric 
- hore f allowa » le in the cal let th 
-€iectron Cnarge snus allowance 1s made in the Caiculations for the efiect of its 
charge on the z-electronegativity of each carbon atom 
In isovalent Ayperconjugation (or isohyperconjugation), as in soconjugation, there 


are in VB theory two or more resonance structures containing equal total numbers ol 


bonds. and also containing equal numbers of o and 7 bonds if one counts [oe] and 


[7] bonds as o and =~ bonds. | urther, three main sub-classes of isohyperconjugation 


can usefully be distinguished, namely, (1), dative, (2) non-dative, and (3) 


71. Goodman and H. Shull, J. Chem. Phys. 23, 33 (1 55). For discussion of the corresponding 


phenomena in Ayperconjugation, see references | and 


Se 
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homodative; the characteristics of these classes parallel those of the corresponding 
sub-classes of isoconjugation 

Isohyperconjugation differs from isoconjugation in that there are two (or in general 
two sets of) isovalent structures which differ (and hence are always non-equivalent) in 
a certain special way. Namely, the subordinate isovalent structures have one more 
ordinary = bond and one less [x] bond than the predominant structures; that it is the 
former which are subordinate is indicated by experimental evidence and justified by 
the belief that [7] bonds are very considerably stronger than ordinary 7 bonds 


(b) Dative isohyperconjugation (and some new notation) 

Let us first consider some examples from the dative sub-class, beginning with 
CH,OH. The two isovalent structures are H,+C-OH and H,=;C+O+tH The 
symbol=+ represents a 7, bond and the symbol-rr represents a 7, bond.' This or 
equivalent symbolism is useful in keeping track of 7, and 7 bonds when both types 
are present, as is very frequently the case when one considers isovalent resonance 
structures in hyperconjugation 

Even in conjugation, such symbolism is useful for a clear understanding whenever 
triple bonds, or cumulated bonds, are present: for example H¢ #CCl, with two dative 
isovalent resonance structures HC->-C+Cl*, H¢ +C=Cl of equal importance, 
and a third less important one; allene with the single structure H,C=C7CH,, or in 
more detail, H,=>C+C#C+H,; phenylacetylene with main structures like | , 
CCH. This symbolism can of course be omitted whenever it is more trouble than it 
worth 

Dative isohyperconjugation should occur in (CH,),O in a way similar to that in 
CH.OH: (H,=C-).0, =C=O*Me, MeO* =C=H,~. CH,NHg, (CH;).NH, and 
(CH,),N insofar as they may be treated as having a nearly planar arrangement of 
atoms bonded to the nitrogen present again a similar situation. Dative isohyperconju- 
gation is again expected in CH,Cl, the main structure being H;=C-Cl, the main sub- 
ordinate structures H,~7C+Cl* and H,~->C#Cl*. Dative isohyperconjugation here 
is closely analogous to dative isoconjugation in chloracetylene. The foregoing ex- 
amples illustrate how conjugation or hyperconjugation can be either one-dimensional 
(x, only), or two-dimensional (both 7, and 7,). Anocher interesting example is H,CO, 
with isovalent structures and H~--C5O 

In the foregoing examples the effects of isohyperconjugation are doubtless small, 
first because they are dative (and the effects even of dative conjugation are relatively 
moderate), and second because they are hyperconjugative. The writer sees no sufficient 
reason, however, to assume that they are entirely negligible 

Another interesting example is that of H,O,, where on the basis of spectroscopic 
evidence® the two H-O-O bonds are in planes nearly perpendicular to each other. 
It is easily shown that a planar structure, either cis or trans, offers no possibility of 
isovalent hyperconjugation; only ordinary hyperconjugation is then possible. If 
steric repulsions between the two H atoms were a determining factor, the planar 
trans form should be preferred. For a 90° twisted form, dative isohyperconjugation 

H H 

can occur to its maximum possible extent. Besides the main structure, | , two 
O-O 


*E. Hirota. J. Chem. Phys. 20, 136 (1958), and references cited therein 
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H H H 
dative isovalent structures, O=O* and | * = OH~ can be written. If we neglect 
O 
the fact, whose effect here should be minor, that the HOO angles are somewhat greater 
than 90°, the left-hand OH bond is formed by a 7, oxygen electron leaving a 7, (and an 
s) lone pair on the atom, while the right-hand OH bond is formed by a 7, oxygen 
electron leave a 7, lone pair on that atom. By dative action, either a 7, or a7, O=O 
double bond can be formed, as indicated in the isovalent structures above. Unfor- 
tunately this example cannot be used as a proof of the decisive importance of iso- 


valent hyperconjugation, since 7-electron non-bonded repulsions a/so favor the 


twisted form.” Further, the actual twisted form according to Hirota’s analysis® 1s 


only 1-29 kcal more stable than the planar cis form (and 0-59 kcal more stable than the 


planar trans form).* Another similar example is that of N,H,, where again the stable 
configuration is a twisted one which again is favored both by non-bonded repulsions*:*” 
and by isovalent hyperconjugation. In contrast, the planar structure of C,H, 1s 
strongly stabilized by z,-electron bonding although the twisted form would be favored 
by isovalent hyperconjugation. In C,H,*, the latter apparently becomes partially domi- 
nant, causing twist. (The cases of C,H, and C,H,* will be discussed below.) 

A final example of dative isovalent hyperconjugation where the effects may be 


larger is that of boron trimethyl. The main structure is B(-C=H,),, and there are 
three isovalent structures of the type Me,B=>C>H, Ihe fact that BMe, does not 
dimerize like BH, suggests that it has special stability in itself, due to isovalent hyper- 
conjugation, which is not possible in BH,;. One may of course argue that the CH, 


group cannot replace an H atom in the diborane bridge, but, (a). there is no theoretical 


reason why it cannot and (b) in Al,Me, with structure analogous to diborane, the 
methyl group does function as a bridging agent To be sure, Me,BH,BMe, is known, 
¢ g that H but not Me can function in a bridge bond; but the dimerization of 
‘iec,BH might also be explained by the lesser amount of hyperconjugation possible 
ere: and/or H may be a better bridging agent than Me. Theoretical computations on 
perconjugation in BMe,, for example by the Hiickel method using reasonable 
pirical parameters, and with due allowance for the presence of strong B*-C 


would be of much interest 


conjugation 


If its geometry conforms approximately to its conventional formula, as seems 


1 typical example of non-dative isohyperconjugation.’ 


[he main structure is then H,==C-—CH,, with an odd z, electron on the CH, carbon 


irr 


The hyperisovalent resonance structure is Hzy7C—CHy, with a quasi-7, odd electron 
H 
on the H;. (This is equivalent to H—C=CH,, as the hyperconjugation resonance 


H 


structure is often written, provided, of course, suitable resonance among three such 


forms is understood.) The sopropyl ind t-butyl radicals furnish similar examples ; 


Another example, ethylene twisted through 90°, will be discussed below. Alkyl- 


substituted triphenylmethyl radicals, on the other hand, furnish examples where 


*W. G. Penney and G. B. B. M. Sutherland, J. Chem. Phys. 2, 492 (1934) 
od 41, 207 (1947) 
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isohyperconjugation, though theoretically expected, is apparently unimportant, 
for reasons which appear understandable (see footnote 33), 


(d) Homodative isohyperconjugation 

The alkyl and the aromatic carbonium ions furnish numerous examples of homo- 
dative isohyperconjugation. In agreement with experimental evidence, the energy 
effects of isovalent hyperconjugation should be at a maximum in the homodative sub- 
class. LCAO-MO computations on the alkyl ions (assuming conventional geometry) 
have been presented by Muller and the writer.'_ Taking the ethyl cation as a typical 
example, the main structure is H,;=$C - C*ssH,, the hyperisovalent resonance 
Structure is H,;*s;C#tC=H,. Arrowheads have been added to indicate inductive 
effects; for the 7, electrons, these are automatically included in the LCAO computa- 
tions (cf. Section II (a) for a fuller discussion in the analogous case of homodative iso- 
conjugation). In our paper, we also included 7, inductive effects because we allowed 
for 7, as well as 7, hyperconjugation. (Here 7, hyperconjugation is of the ordinary, 
not isovalent type.) 

A related example would be that of the ethyl anion 

The carbonium ions derived from benzene and alkylated benzenes by addition of a 
proton have been extensively studied by McCaulay and by Kilpatrick, and their 
collaborators, and those from polycyclic aromatic hydrocarbons by Mackor et al.™ 
Semi-empirical LCAO computations on the simplest of these, the benzenium ion 
C,H,*, indicate that homodative isohyperconjugation between three ring-positive 


isovalent structures of the type “H, and two hyperisovalent Kekulé-type 
+ 


structures H.* should strongly stabilize the ion.’ Let us call this Kekulé 


hyperconjugation 

In all the methylated (or alkylated) benzene carbonium ions, the same type of 
isohyperconjugation should occur, p/us methyl (or alkyl) isohyperconjugation involving 
homodative transfer of 7-electron positive charge to the methyl (or alkyl) groups.” 
The simplest case is that of the toluenium ion. This should exist in six isomeric 


forms depending on which of ring atoms | to 6 accepts the proton. Let us consider the 


4-toluenium ion (Me )*, with its three isovalent ring-positive structures such 


as H,;=C —H, and two isovalent Kekulé-hyperconjugation structures, just 
+ 


as in the benzenium ion, and in addition one isovalent methyl-hyperconjugation 


structure Hj—;-C=> =H,. Isovalent methyl hyperconjugation is possible in 


toluenium ions for 2, 4, or 6 addition of the proton; less stable isomers with the added 


' E. L. Mackor, G. Dallinga,J. H. Kruizingaand A. Hofstra, Rec. Trav. Chim. Pays-bas 75, 836 
(1956) I l Ma ke A A Hofstr and J H van der Waals, Trans Faraday Sov 54, 66, 186 
(1958); and numerous other papers 

7 N. Muller, L. W. Pickett and R. S. Mulliken, J. Amer. Chem. Soc. 76, 4770 (1954). Note that all 
m-electron inductive effects are automatically included (cf. discussion in Section II(b) of the analo- 


gous Situation in homodative tsoconjugation) 


18 PD. A. McCaulay and A. P. Lien, J. Amer. Chem. Soc. 73, 2013 (1951); D. A. McCaulay’s, Tetra- 


hedron. This issue 
‘4 The word “isomeric” is not strictly appropriate here, since some of the forms are indistinguishable 


But its use, in this section, will be very helpful in making thi 
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proton in the 1, 3, or 5 position should exist but without methyl isohyperconjugation, 
hence with stability about like the benzenium ion. Attribution of the observed in- 
creasing base strengths of increasingly methylated benzenes to methyl hyperconjuga- 
tion, as proposed by McCaulay,’* by no means necessarily implies that this is more 
effective than Kekulé hyperconjugation. The latter (which is equally present’® in 


all the methylated benzenes, and for all six isomers of each) should be present as a 


nore or less constant background factor in all, supplemented by methyl hyperconjuga- 
tion to an extent which depends on the numbers and positions of the substituted 


low 


meti 


increments of methyl hyperconjugation. Theoretical computations by the 


SUCCESSIVE 


LCAO-MO method on methylated benzenes would be of great interest in this connec- 


1 derived from benzene or any methylated 


ene someric forms For each of these isomers, 
methyl isohyperconjugation with some definite number M of methyl groups, from 
zero | maximum of three, can occur, as one can see by drawing VB structures and 
keeping only those which are isovalent with the ring-positive and Kekule-hyperconju- 
gated structures.’* If yperconjugative stabilization the main determining factor, 
the basicity of any methylated benzene should depend primarily on the /argest M 

essed by a f the n of its carbonium ton, and should be greater for 
larger maximum MM: isomers with less than the largest M for that particular molecule 
should count very little for its basicity, because of their lower stability. On the other 
hand, the basicity should be greater the greater the number N of isomers Of maximum 


Table | lists the numbers of isomers of each M type for each of the methylated 
benzenes, and also gives the relative basicity as reported by McCaulay in his Conference 
paper. It will be seen that the various molecules fall into groups in which the basicity 
is indeed primarily governed by the maximum MM which appears for any of its 1so- 


meric fort and also increases somewhat with the N value for maximum M. The 


Inspection of Table | shows that an additional factor also somewhat influences 
basicity. In parentheses following the number N of isomers for any M type for any 
cart im ion, in Table | a number (say ”) which says how many of these isomers 
have the added prot ittached to the same ring atom as a methyl group. It will be 
seen that basicity increa somewhat as n/N for the maximum-M isomers increases 
For example, the mesitylene, isodurene, and pentamethylbenzene carbonium ions all 
have the same (3) for the same maximum M (3) but with a = 0, 1, and 2 respectively; 
and the basicity increases with n/N. The hexamethylbenzene carbonium ion has ‘ 

6 for its maximum M (again 3) but now aN | since the added proton is neces- 


sarily attached to a methyl-bearing ring carbon in a// isomers. Both effects evidently 


Exe mt if tor nz aton cr should certai may be some- 
nstead of all-CH hyper- 


\ ypercor gated § ctures iving one icss vaience (erdinar nhyperconjugation) 


influence in determining basicity 


_ 
a 
ale guy! groups. Although the basicity of benzene 1s very MMM, it seems entirely likely ier 
va that the Kekulé hyperconjugation may be ol predominant importance in creating a age 
miniMai bas! t\ n ber d n wi | IS tl en ¢ nh nced to notable levels ol strength by 
tion 
\f 
a striking increases in basicity [rom p- and o-xyiene to m-xyiene and to mesityiene parallel 
an inci maximum M 
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NuMBERS N OF ISOMERS OF METHYLATED-BENZENE CARBONIUM IONS BELONGING TO VARIOUS 
M types (first four columns of numbers; see text for explanation of M) 


TABLE | 


Each number N is followed by a second number v in parentheses which tells how many of the A 
isomers have the proton attached to a methyl-bearing ring carbon. The basicity (last four columns 
of numbers from McCaulay’s Conference paper’*) is seen to be determined essentially only by those 
isomers which have maximum M (indicated in the first four columns by bold face type) 


Basicity (McCaulay) and Type 


M Mf 2M 3 OM VM 2M 3 
Benzene 6(0) (very 
small) 
Toluene 31) x0) (0-01) 


p-Xylene 6(2) 
o-Xylene 6(2) 2 
m-Xylene 


Mesitylene 
Pseudocumene 3(2) 40 


Durene 


Prehnitene 6(4) 170 

isoDurene (3) 5600 
Pentamethylbenzene 3(3) 32) 8700 
Hexamethylbenzene 6(6) 89000 


increase the basicity. The enhancement of basicity associated with attachment of a 


proton to a methyl-bearing ring carbon may reasonably be explained as due to in- 


ductive stabilization of isomers of this type, consequent on release of some negative 


charge by the methyl carbon to the ring carbon to which it is attached 


Further minor factors somewhat influencing the basicity of aromatic carbonium 
ions perhaps include steric effects, ordinary perconjugation,”® the presence of 


isomers with less than maximum M values, differences in solvation effects, and per- 


haps others 
It is of interest that Table | indicates that the basicity of toluene, too small to be 


accurately determined but estimated as 0-01 DY McCau Ly, should be considerably 


larger (say about 0-3) to be consistent with the rest of Table | 


(ce) Isohyperconjugation in 90°-twisted ethylene and in C,H, 


Ethylene with the two (¢ H, planes twisted to perpendicular ty (“perp C.H,”) 


was perhaps the first recognized example of hyperconjugati ilthough the name was 


LCAO-MO con puta- 


not then used. Later Roothaan and the writer made a series of 


tions on ethylene in its ground state and three excited states, and on C,H for angles of 
1 


twist ¢ ranging from 0° (planar) to 90°.'’ Semiempirical parameter values similar t 


those used in more recent computations” were used, and the effect of 7-electron overlap 


to 


was included. Both z, and =z, | yperconjugation were taken ink 


obviously necessary as - 90°. Our 1947 paper was intended to be preliminary, and 


account, as becomes 


failed to report certain details of our computations. Some of the results on C,H, 


which are of particular interest in the present connection will be reported below 


For planar C,H,, the VB structure is H,CCH,, or if one wishes to consider 


nm, hyperconjugation (which is second-order, and nor isovalent), H>4-C—C+FH, 


For perp. C.H,, the main VB structure H,>eC-C=H, is in resonance with the two 


1” R.S. Mulliken and C. J. Roothaan, Chem. Rev. 41, 219 (1947). Note that the symbol 4 is generally 
used to mean what is here called 6/8 


j 
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isovalent hyperconjugated structures H, (7, hyperconjugation) and 
(7, hyperconjugation) 

For planar C,H,* the VB structure may be represented as Hp@C*'==C*'s-H, 
For perp. C,H, *, the electronic state would be *£ of symmetry D,,4, for which there are 
two independent though equivalent orbital wave functions (twofold orbital degener- 
acy). For one of these (in the other, the - and + would be interchanged), the main VB 


structure H,=-C-C=H, is in resonance with the homodatively isovalent hypercon- 


ind states of C,H, 
st é. Fre unp 


est pa 


ihe Case 


jugated structure H, "=C2C H, and with the neutrally isovalent structure 
H.seC+C-H,. (Note that these three structures correspond to those of perp. C,H, 
if one replaces one - by a in each.) 

Fig. 2 shows the computed curves that we obtained for C,H, and C,H,*, but did 
not publish in 1947, for each of three choices of semiempirical parameters :"’ (a) no 
hyperconjugation ($* B); (b) B* 1-58, 8 = B; (c) B* = 28, 5 = 0. Of these, the 
third choice is the most nearly correct according to recent views (8*/8 measures the 
degree of reluctance of an H, to give up its quasi-7 bond in favor of a C=C bond, 
while 5 measures the tendency of H, to release an electron to carbon; values of 6*/ 
of 2-0 and of 8 about —0-38 to —0-58, corresponding to electropositive behavior of 
the H, group, have been currently accepted.®) Our curve for case (c) shows about 20 
kcal stabilization by isovalent hyperconjugation in case (c); with 6/8 < 0, this would be 
somewhat increased 


; 
4 \ 
~ 
‘ 
\ 
\ 
Fic. 2. Theoretically computed orbital energies (in eV) of gr state 
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For C,H,*, allowance should have been made, as in later papers,!: ™ for an addi- 
tional parameter to take account of the increase in electronegativity of positively 
charged atoms, but it is probable that this and 5/8 < 0 would give for C,H,* an 
energy-angle curve of the same qualitative character as in case (c) but with intensified 


departure from cases (a) and (b). It will be noted that curves (a) and (b) have a flat 


minimum at ¢ O° corresponding to stability of planar C,H,*, while case (c)—evi- 
dently as a result of incipient isovalent hyperconjugation—shows a low maximum at 
@ = 0° and shallow minima at perhaps about ¢ 30°; but still a fairly high barrier at 
b 90°. This partial twisting may be understood by considering the following 


pair of VB structures for planar C,H,*: H,-C*CH, and H,4 C*+C-H,. As long 
as C,H,* remains planar, these cannot mix with the main VB ground state structure 
given above, because they belong to excited states with wave functions sharply different 
in symmetry from the latter. But if twisting occurs, the symmetry distinctions are 
relaxed, and they can begin to mix in. (It may be remarked that description and under- 
standing are easier using LCAO-MO theory.)'’ 

It is now of great interest that experimental vacuum-ultraviolet spectroscopic data" 
on Rydberg states of C,H, and C,D, (which are essentially states of the ethylene 
positive ion plus an electron in an orbital so large that it has scarcely any influence 
on the molecular geometry) show unusual features which seem to be impossible to 
reconcile with a planar structure for C,H,*, but which seem to be just about what might 
be expected for an energy-angle curve like the computed one for case (c) in Fig. 2. 
While an alternative interpretation of the spectroscopic data, involving excitation of 
a low-frequency out-of-plane bending instead of twisting frequency in the upper state, 
cannot be excluded with certainty, it seems much less probable. However, it is planned 
to make further experimental studies as soon as feasible which it is hoped may settle 
this question definitely, since there seems to be here an important probable confirma- 


tion of predicted effects of hyperconjugation 


IAL (ORDINARY) CONJUGATION AND 
HYPERCONJUGATION 


lil. SACRIFIC 


(a) General discussion 


Ordinary conjugation and hyperconjugation are sacrificial, in the sense that 
7-electron resonance stabilization ts effected only by structures in which, as compared 
with the single dominant VB structure, one 7 bond has been lost. In the following 
discussion in this Section the qualifying adjective “ordinary” or “sacrificial” will 
usually be assumed to be understood when “conjugation” or “hyperconjugation” 
is used 

In the familiar example of 1,3-butadiene, with the dominant structure H,C=CH 


CH =CH,, there are three minor structures which may collectively be symbolized by 


H,C-CH =CH-CH,. The two « here represent either two - (odd electrons, between 
which there is a “long bond’’), or + and —, or and + (two equivalent ionic 
structures of opposite polarity). 


'* P. G. Wilkinson and R. S. Mulliken, J. Chem. Phys. 23, 1895 (1955); P. G. Wilkinson, Canad 
J. Phys. 34, 643 (1956). Stretching of the molecule in the 1onized state also occurs; the twisting 
effect is approximately independent of this according to the spectroscopic data. When these papers 
were written the present Fig. 2, buried in the files, had been forgotten. In the first of these papers, 
an effort was made to explain the Rydberg spectra using a planar model with a very flat minimum 
for C,H,*. However, as time went on, we felt more and more convinced that the data pointed to a 
twisted model. Finally, only recently, the earlier calculated curves here reproduced as Fig. 2, were 


rediscovered 


. 
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Very likely (although this point seems usually not to be recognized) the two ionic 
structures are much less important than the long-bond structure, since much more 


energy would be needed to create them. One should also especially note that this pair 
two-way m dative action, as contrasted with the one-way 7 


of structures involves 
dative action involved in the subordinate VB structures in dative isoconjugation 
[Note added 20 November 1958. Recent calculations on t 


butadiene by Berry’ 
based on LCAO-MO wave functions throw light on this question. He finds that the 


C. C-C=C-C, and C-C=C-C make up roughly 35, 5, and 


VB structures C=C-—€ 
0-6 per cent of the wave function, while simple ionic structures ¢ C-C+-C* and 


C+-C#-C=C make up 29 per cent and dispersion-type structures“” 


and C--C*-C 30 per cent. These figures substantiate the unimportance ol 
C+-C =C-—C*. but indicate that other ionic structures may be more important even than 


C-C*=C-C in contributing to the z-electron resonance energy in conjugation. It 


seems likely that analogous ionic structures are important in all 


and ol 


dominant structure HC=C-C=CH, secondary structures HC CH. 
HC#C#C=CH, and (very minor) H€-C=C-CH 
i Examples of a structural situation whic yn the basis of « tu eorv should 
also be described as conjugation occur in the cumuienes, lor ex ‘ dim« i 
2 
conjugation for H,C*C+C*CH, with secondary structures H,C-C=C-CH, and 
two-dimensional conjugation for with secondary structures 
H.C H, and H,C=C-C=C-CH 
Ordinary first-order hyperconjugation is similar to ordinary conjugation in that there 
is one principal VB structure, and one bond Is lost the subordinate structures. It 
: differs, however, in that the lost bond is a [7] instead of a + bond. For example, in 
propylene (one-dimensional hyperconjugation) with main structure H —C-CH=CH,, 
‘ the subordinate structures are H, +Y =CH % H, In methylacetylene (two-dimen- 
sional hyperconjugation) with main structure Hs>C-C CH, the major subordinate 
structures are H, =CH and Another example of two- 
dimensional hyperconjugation is found in allene, with man structure H.;[C=—Cy 
C=+H, and secondary structures H, 3C-C=-H, and H,wQ-CC-H,. Here the 
term hyperconjugation is used to describe a situation analogous to conjugation in the 
cumulenes 
First-order hyperconjugation, like conjugation in butadiene and diacetylene, in- 
volves two-way dative action in the ionic subordinate VB structures. However, this 
é may be slightly polar, in the sense that, for example in propylene, the structures 


H, may be a little more prominent than leading 


to a slight over-all polarity and dipole moment. But there is no theoretical 


justification for assuming that on/y the former of these two structures ts important 


In fact it is by no means clear theoretically that either of the two ionic structures should 


be comparable in importance with the long-bond structure H$##C=CH-CH,. Itseems 


is R 
( 
pere ni ize 


2° W_ T. Simpson, J. Amer. Chem. Soc. 73, $363 (1951); lbid. 77, 6164 (1955) 


Berry, J Chen Pi on wave OD LAINE m previousty J 


Phys. 26. 1060 S7)}. For cx n rather esoteric qualifications on the meaning of the 
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H+ 

to the writer that the customary use of a symbolism such as H—C =CH-CH, 
H 

and corresponding emphasis on electron release, without any mention of an 

oppositely polarized ionic structure and, especially, of the long-bond structure, may 

be seriously misleading. 

[Note added 20 November 1958. Berry’s calculations on butadiene lend strong 
support, by analogy, to these remarks. At the same time the probable importance 
of dispersion-type ionic structures offers a reasonable mechanism for appreciable 
electron release, through mild predominance of H,*7C--C°H-C-H, over 

In this connection, the fact, emphasized by Dewar, that the observed dipole mo- 
ments in propylene and other hyperconjugated molecules can be explained without 

H 
assuming such structures as H—C=CH-CH, to be of appreciable importance, is 
H 
significant. It seems then entirely possible that both the above-indicated ionic struc- 
tures are of minor importance in typical cases of ordinary hyperconjugation. This, 
however, would not necessarily imply that the /ong-bond structure is also unimportant, 
nor that ionic structures are a/ways unimportant in hyperconjugation. [Note added 
20 November 1958. It seems likely that z-electron resonance may contribute appre- 
ciably to the dipole moment through a mild preponderance of H,* =C--C*-C~ over 
H,~ =C*-C-—€ (The structures H C--C=C and H,-=C*-C=C with the 
former preponderant need not be considered here, since they would also be present 
in the CH, group in the absence of z-electron hyperconjugation resonance. )] 

Before going further, an important difference between isovalent and sacrificial 
conjugation and hyperconjugation should be emphasized: while in the isovalent cases 
three important subclasses (dative, non-dative, and homodative) need to be distin- 
guished, in the sacrificial case most examples (including all those thus far discussed) 
belong to the non-dative (or two-way dative) subclass. However, there ts also a dative 
sacrificial subclass, whose most familiar examples are the nitro-compounds, for ex- 

O 
ample nitrobenzene (four isovalent main structures such as N with four 
O 


m, bonds, and three sacrificial one-way dative structures such as + N 


Nitroethylene, nitroacetylene belong to the same 


Similarly, nitromethane is an example of dative sacrificial hyperconjugation (main 


O O 
structure H,=C-N , Sacrificial one-way dative structure H = =C-—N On 
O 
the other hand, p-nitroaniline, like aniline, is an example of dative isovalent conjuga- 
O 
tion (main structures such as H,N N , isovalent dative structure 
O 


H,N N 
O- 
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in stabilizing respectively the allyl and methyl derivatives of aldehydes and ketones. 
an extent sufficient to create a 


In fulvene, the presence of polar conjugation to a1 
\-2 D. and in the theoretically expected direction, seems to 


dipole moment of about 


have been definitely established.** Besides the predominant VB structure 


there should here be five sacrificial structures, for example ~ CH,, together with 


five corresponding structures with the charges reversed, and four long-bond structures 
such as -CH,. [Note added 20 November 1958. Again, dispersion-type ionic 
structures, for example, "3 ~CH,, are doubtless important. | 

an important way from that of butadiene or acrylaldehyde in 


This case differs in 
,and--). Namely, isovalent 


which there is only one structure of each type ( 
moreover, in the cases of the 1onic structures) Can occur 


resonance (homodative, 
pronounced extra stabiliza 


within each group of sacrificial structures, causing 
one may reasonably expect conjugation to have much 


tion. Under these circumstances, 
But further, in view of the 


ore important effects than in butadiene or acrylaldehyde 


m 
special, benzene-like, stability of the « yclopentadieny! anion, it Is reasonable to expect 


negative structures to predominate over the others 


illy by the observed dipole 


the ring- This result is confirmea 


theoretically by LCAO-MO computations and experimenté 


moment.*# 
Similar results and conclusions have been found™ for azulene 
d structures, resonance among which should make 


Here there 1s a 


large number of sacrificial conjugate 
Further, the known benzene-like stability of the cyclo- 


conjugation important here 
ne to expect an over-all negative 


pentadienyl anion and the tropylium cation lead o 
harge on the seven-ring, and a dipole moment ol 


charge on the five-ring and positive ¢ 
moment is 1-0 D, which (although its 


The obser ved dipole 


rresponding polarity 
-rimentally) seems to be in reasonable agreement 


sign has not been demonstrated expe 
with the results of LCAO-MO computations.” 


cycloPentadiene is the hyperconjugative analogue of fulvene, with a main structure 


H, and five sets of sacrificially hyperconjugated VB structuressuch as H. 


of which ring-negative members may be expected to predominate for the same reason 


as in fulvene 


IV. HYPERCONJUGATION IN POSITIVE MOLECULE-IONS 


Particularly in mass spectroscopy, there is increasing interest in the structure of 


In even-electron ions (radical ions), 
ars to have an important stabilizing effect [cf. Sections Ii(b) 


positive 10ns homodative isovalent conjugation 
or hyperconjugation appe 
and II(d)]. In odd-electron ions (molecule 1ons) we encounter also homodative situa- 


tions which are half-way between isovalent and sacrificial. Observed ionization 


21 G. W. Wheland and D. E. Mann, J. Chem Phys. 17, 264 (1949). The measurements were actually 
tives. rather than on fulvene itself, but the reasoning back to fulvene seems 
Pariser, J. Chem. Phys. 25, 1112 (1956); W. G. Schneider, H. J 


Pople, J. Amer Chem. Soc. 80, 3497 (1958) 
and B. Pullman, Bull. Soc. Chim. Fr. 15, 


made on several deriva 

convincing. Azulene: see also R 

Bernstein and J. A 
22 For results of LCAO-MO calculations, cf. G. Berthier 

788 (1948): B. Pullman and A. Pullman Les Theories 
$2) 


Electroniques de la Chimie Organiqu: 


Masson et Cie, Paris (19 


: 
: 
q 
P 


Hyperconjugation: A survey with emphasis on isovalent hyperconjugation 267 


In non-dative sacrificial conjugation and hyperconjugation, one may of course 
distinguish between non-polar and polar cases (i.e., symmetrical or unsymmetrical 
two-way dative action), but the distinction is one of degree rather than kind. For 
example, conjugation in butadiene is necessarily non-polar, by symmetry, whiie first- 
order hyperconjugation in propylene must be polar, though perhaps only slightly 
so. 

At this point something should be said about ordinary second-order hyperconjuga- 
tion. This is now believed® to be a very small effect, and because of its universality 
it is difficult or impossible to isolate experimentally, but there seems to be no adequate 
reason to dismiss it as entirely negligible. Typical examples are found in ethylene 
(principal VB structure H,>*C=C->+H,, hyperconjugative structures H, C=C H.) 
and ethane (principal structure H,=C-C=H;, main hyperconjugative structures 
H37C+C+H, and It will be noticed that second-order hyper- 
conjugation is one-dimensional in ethylene, two-dimensional in ethane; also that is 
non-polar in both cases 

Characteristic of second-order hyperconjugation as described by VB structures is 
the fact that two [7] bonds are sacrificed, while one 7 bond is gained. There is, how- 
ever, a net loss of one (7 or [7]) bond just as in ordinary conjugation or first-order 
hyperconjugation; but it should be noted that this occurs in a way which differs from 
hyperconjugation in the same way that hyperconjugation differs from conjugation, so 
that the effect might well be called Ayper-hyperconjugation. 

An example in which the LCAO-MO treatment of second-order hyperconjugation 
differs considerably from the usual VB treatment is found in the ethyl ion.! Here (in 
addition to isovalent hyperconjugation) we have second-order hyperconjugation 
involving in the VB method just the main structure H, C-C* +H, andthe subordinate 
structures HCC We The LCAO-MO treatment! (provided suitable electro- 
negativity-difference parameters are introduced) automatically includes also an 
important amount of the structure H,==C-C H, in which the right-hand carbon atom 
as a whole is neutral. From the VB standpoint, the inclusion of this structure would be 
called an inductive effect. This is a rather extreme example of a characteristic feature 
of the LCAO-MO method which automatically includes any inductive effects which 
may occur in the z-electron system (c-electron inductive effects—cf. Section II(a)— 
are of course not included) 


(b) Polar effects in conjugation and hyperconjugation 

As has been emphasized in Section III(a), the ionic secondary structures in ordinary 
“non-dative” conjugation and hyperconjugation occur in pairs of opposite polarity. 
The result may be non-polar, but if the atoms or groups between which, in these 
ionic structures, charge transfer takes place, differ in electronegativity, then some net 
polarity results. For conjugation, a simple example is H,C=CH-CH =O, in which 
the secondary structure H,C*-CH=CH-O~ obviously would predominate over 
H,C--CH =CH-O*. [Note added 20 November 1958. Probably much more important 
is predominance of over For hyper- 
conjugation, a similar example is H;=C~CH =O, where H,* =C=CH-O~ must pre- 
dominate over Hz =C=CH-O*. [Note added 20 November 1958. Probably much 
more important is predominance of H,*=C~-C*H-O~ over H,~ =C+-—C-H-O*.] 
It seems possible that the polar effects in these cases may be of appreciable importance 
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potentials suggest that these ions also are rather strongly stabilized by conjugation 
and hyperconjugation 
The C,H,* ion has already been discussed in Section IIl(e). For planar C,H,*, 


isovalent resonance between the two main structures H,C*-CH, and H,C-CH,, 
each a single-bonded structure, results in the equivalent of a half w bond. This may be 
summarized as H,C=—C'H,, where C’ means ¢ 

The ionization potential of 1,3-butadiene is 1-45 V smaller than that of ethylene. 
This fact can be understood™ in terms of much greater 7,-clectron resonance sta- 
bilization by conjugation in the positive ion than in the neutral molecule. In the 
positive ion, the main VB structures may be described as H,C—- CH-C’H==C'H, and 
H,C’==C’H-CH CH, (that is, H,C -CH-C*H-CH,, H,C CH-CH-C°*H, with 
resonance, and H,C*-~CH-CH =CH,, H,C-C*H-CH=CH, with resonance). Iso- 
valent resonance between these 1s supplemented by resonance with the half-sacrificial 
structures H,C-CH = CH-C*H, and H,C*-CH =CH-CH,, the over-all result being 


much stronger conjugative effect than in the butadiene molecule. [Note added 20 


Vovember 1958. Probably dispersion-type structures such as H,( C H-C’H-C H, 


re also important. | 


Homodative resonance within the 7,-electron system here distributes the positive 
charge fairly evenly over the carbon atoms, but a small amount of o charge redistribu- 
tion, by inductive effects in the o bonds, must occur to alleviate in part an excess 7 


positive charge on the two outer carbon atoms. Some further redistribution of charge 


by inductive electron release from the hydrogen atoms, via the C—H bonds, must of 
course also occur, and thereby contribute somewhat to the stabilization energy. But 
seems likely that the major part of the stabilization energy is due to 7,-clectron 
resonance 
In the positive ion of propylene, C,H,*, with main structure H,=C-C’H=C’'H, one 
homodative isovalent half-hyperconjugation with Hj==C’-CH=CH, and homo- 
tative half-sacrificial hyperconjugation with H,* #C*CH-CH, and 
(altogether two main and four subordinate VB structures). The minimum ionization 
potential of propylene is 0-79 V lower than that of ethylene.** The difference may 
reasonably be ascribed largely to stabilization of the positive ion in consequence of 
methylation. (There is no reasonable doubt that it is a 7, electron which has been 
moved in the ground states of both the ethylene and the propylene ion.) Further, 
the stabilization energy can reasonably be identified in considerable part with homo- 
dative hyperconjugation energy, the situation being similar to that in the ethyl ion 
and in the toluenium ion [cf. Section III(d)]. However, electron release from the 
several hydrogen atoms by non-7, (i.c. [a], and [7 ,]) inductive eflects must contribute 
very considerably to the stabilization energy (as also, though to a lesser extent, in the 
alkyl and methylated-benzene carbonium tons) 
Observed further lowerings of ionization potential by further methylation or 
alkylation of ethylene** may be accounted for in the same way. A similar explanation 
can be given for the fact®™* that alkylation considerably lowers the ionization potentials 


of unsaturated and aromatic hydrocarbons in general 


J. Fain and A. L. Matsen, J. Chem. P 26, 3 

P 41,2 n potent of a laree number of com 
pound ’ sratives (but see K. Wa e. J. Chem. Phys. %. $42. 1773 (1957) for 
better \ ¢ lowering of ionization potentials 


by methyl: 
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The alkyl derivatives of HCI, H,O, H,S, NH, 


J 


and like molecules constitute another 
class of molecules in which substitution of alkyl groups for hydrogen atoms gives rise 
to lowered ionization potentials.** Here again, as in the alkylated aromatic and un- 
saturated compounds, hyperconjugation should help to stabilize the molecule ions. 
However, it is of a different and probably weaker type than in the unsaturated systems. 

As examples, let us consider CH,OH and CH,Cl. In the ground electronic State 
of ionized CH,OH, the main VB resonance structure is H=$C-OH. The most 
important subordinate structures are H;=#C=0* H (involving isovalent hyperconjuga- 
tion without charge transfer, i.e. non-dative) and H’,==C’—OH (involving homodative 
half-sacrificial half-hyperconjugation: i.e. half of one [7] bond is lost, but homodative 
transfer of positive charge from the O atom to the CH, group is accomplished). 
For CH,Cl*, the ground electronic state must be two-fold degenerate (*E state), 
corresponding to removal of either a 7, or a 7, chlorine electron. The two substates 


are equivalent but independent; let us then consider just the one with a z, electron 
removed. This is completely similar to CH,OH*: the main structure is HCC! 
and the chief subordinate structures are H,=8C=8Cl* and H4{==C’-Cl 

It will be noted that homodative isovalent hyperconjugation, the strongest type 
of hyperconjugation, present in the ions of propylene and other alkylated aromatic 
or unsaturated compounds, is no longer present in CH,OH*, CH,CI*, and the like 
Hence it is reasonable to expect that non-7 inductive effects may be more largely 
responsible for charge equalization and resulting stabilization in the latter than in the 
former. For the alkyl halides RCI, RBr, and RI, there is indeed strong spectro- 


scopic evidence* indicating that hyperconjugation makes only relatively minor 


contributions to the structure of their positive ions; in other words, that the actual 


structure is not far from being H,=8C--Cl* alone.** However, it is generally believed 
that 7 bonding is weaker in higher-row than in first-row atoms, so that the conclu- 
sions derived from the spectroscopic evidence just cited may not apply with full 


force to (CH;F)* and the ions of alkyl derivatives of H,O and NH, 


V. PLUVALENT CONJUGATION 


Besides sacrificial and isovalent conjugation, there are a few cases in which con- 
jugation occurs which may be described as p/uvalent (one more bond in the secondary 
than in the main VB structure). Only dative pluvalent conjugation is to be expected 


An example is BF, with main structure F<-B and three equivalent pluvalent struc- 


tures of the type F-B As is well known, resonance here causes strong stabiliza- 
tion. 


* R.S. Mulliken, Phys. Rev. 61, 277 (1942): see especially footnote 9 and Table II, second column 
* This would be in accord with views earlier expressed by the writer. in which (a). the relatively low 
ionization potentials for example of H,O as compared with O and of HCI as compared with ¢ 
and (b), the still lower res for (CH H.¢ ( oH Cl, etc were altridDuted to accumulation 
of negative charge on the O or Cl atom by transfer from the H atoms or alkyl! group. [R. S. Mulli- 


ken J. Chem. Pi 3. 514 (1935)—but see K. Watanabe J. Chem. Phys. 26, 542, 1773 (1957) 
for more reliable ionization potentials (which give a more consistent picture than the earlier 
values). ] 
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Vil. HYPERCONIJUGATION AND THE BAKER-NATHAN EFFECT 


Baker and Nathan,” in first introducing the ideas which Baker identifies with 


hyperconjugation,** suggested that when a “methyl group ts attached to a conjugated 
system, the duplet of electrons forming the C-H bond in this group are appreciably 
less ‘localized’ than are those in a similarly placed C-C bond,” and referred to the 
effect as a “new mechanism of electron release” “which either cannot function or ts 
greatly diminished in the higher alkyl groups.”’ In later papers it was assumed to 
decrease from a maximum for Me to zero for /-Bu. They used it initially to explain 
data on the velocity of interaction, by a bimolecular (Sx2) mechanism, of various 
alkyl-substituted benzyl bromides with pyridine in dry acetone, where for a single 
p-alkyl substituent they found that the velocity decreased by small amounts in the 
order Me Et i-Pr '-Bu H. They then extended the application of the idea 
in various directions 

In their preceding paper,** they indicated a belief that the activated state in the 
bimolecular reaction with pyridine is one which involves incipient anionization of the 
bromine atom, and is therefore speeded by easier electron release from the p-alkyl 
(or other) substituent group (or groups) in the substituted benzyl bromide. Complete 
anionization of the bromine would create a benzyl carbonium ion in which p-alkyl 


substitution should give rise to homodative isovalent hyperconjugation (main struc- 


tures H,=C CH, and three ring-positive structures; hyperconjugated 


structure H, CH,) closely similar to that in McCaulay’s methylated- 


benzene carbonium ions [cf. Section II(d)] 

The concept of hyperconjugation as defined by the present writer®® referred to 
definite states of individual molecules, mainly ground states but also spectroscopically 
excited states; it was also obviously applicable to radicals and ions. In some of his 
later papers, Baker adduced evidence that the Baker—Nathan order (Me > Et 


i-Pr -Bu H) holds for the ground as well as activated states of certain hyper- 


conjugated systems. He concluded that, for example in p-alkyl benzaldehydes, in 


addition to stabilization of the main VB structure R,C CH-O~ by struct- 


ures R,C CH-—O> (inductive effect, or polar character, of the C=O 7 bond) 


and R,C-—© CH-—O> (ordinary or sacrificial conjugation in the present term- 


inology), there is stabilization by R,C*—C CH--O (inductive effect or polar 


J Baker and W. S. Nathan. J. Chem. Sox 1844 (1935) 
* J. W. Baker, Hyperconjugation. Oxford University Press (1952) 
‘J. W. Bake nd W.S. Nathan, J. Chem. S 1840 (1935 
R.S. Mulliken, J. Chem. Pi 7, 339 (1939): cf. reference 3 in this paper with regard to the sug- 
ge n of the word “hyperconjugation™” by W. G. Brown. In this paper (end of p. 345) it was con- 
cluded hyperc maior inges (mos reases) the energy of the normal state’, 
e consid y in for the [spectroscopically] excited 
State Re previous vy of tf hyperconjugation (before the name 
was ggeested), g back Whelan 1Y34). ken, C. A. Ricke and W. G. Brown 
J. Al Chem. S 63, 41 (1941 Regrettably, the papers of Baker and Nathan, and of Baker and 
other collaborator 1 not then come to our attention A sull earlier example, of what would 
here de calicc . ercol ration. is contained in the writer's discussion of the theory of 
the structure of twiste ene in Rev. 43, 279 (1933) 
J. W. Baker, J. Chem. § 191 (1942): Ibid. 445 (1938); 796 (1941): Hyperconjugation. Oxford 
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character in the o bond from R,C to the ring), and finally by R,*C CH-O- 


(ordinary or sacrificial hyperconjugation in the present terminology) but with a 
maximum effect of this last structure for R = H and no effect for R = CHs. 

In two respects the quantum-mechanical theory of 7-electron resonance in hyper- 
conjugation seems to deviate strongly from the ideas presented by Baker 

(1) The theory gives no indication that the hyperconjugative 7-electron resonance 

R 
power of a group R’ —C should depend in an essential way on how many of R, R’, 
and R” are H atoms. Qualitatively, bonds from H atoms, Me or other alkyl groups 
or indeed from any atom or group should be alike capable of participating in hyper- 
conjugative resonance. Quantita:ive differences would be expected, of course; a 
C-C bond from Me might be less (or more) effective than a C-H bond from H,* but 
it would not be expected to be negligibly effective, nor is there any obvious reason 
why it should be radically different in effectiveness. This statement applies both to 
ordinary and to isovalent hyperconjugation. 

In any event, the Bakei—Nathan effect, in so far as it pertains to differences between 
C-H and C-C hypeiconjugation, should not itself be called hyperconjugation, although 
it might be called differential hyperconjugation (for C-C relative to C-H) 

Taft's Conference paper includes a thorough discussion of evidence of various 
kinds that z-electron resonance occurs for C-C as well as for C-H hyperconjugation 
although (in accord with the Baker—Nathan effect) more strongly for the latter. The 
evidence pertains both to ground state hyperconjugation and to activated state hyper- 
conjugation (reaction rates, etc.). 

(2) The theory [see detailed discussion of butadiene and propylene in Section II1(a)] 
does not indicate that ordinary hyperconjugation should in general be an important 
electron-release mechanism (nor that, if it were, H should be better than Me—rather 
the contrary) 

[Note added 20 November 1958. The probable importance of dispersion-type 
ionic states now furnishes a reasonable theoretical basis for appreciable electron re- 
lease in hyperconjugation; and perhaps also for greater release in C-H than in C-C 
hyperconjugation, since H is more electropositive than C, and therefore H,= or 


H,= than e.g. (—C),= or (—C),.=.] Maximum strength of hyperconjugative effects, 


including electron release, should occur in homodative isovalent hyperconjugation, 
as for example in McCaulay’s alkylated aromatic carbonium ions [ef. Section II(d)]. 

In so far as the Baker—Nathan effect is concerned with activated states in chemical 
reactions, it is more difficult to say what might be expected theoretically than when one 
is concerned only with molecules or ions in ground (or definite spectroscopically 
excited) states. Presumably activated states are more affected by steric factors than 
ground states. Solvent effects can of course be important for any state, particularly 
for an ionic or highly polar state. However, when activated states involve incipient 


32. R. S. Mulliken and R. G. Parr, J. Chem. Phys. 19, 1271 (1951). Equation (23a) and footnote 26 of 
this paper attributed variations in heats of formation of variously branched hydrocarbons to 
greater C-C than C-—H second-order hyperconjugation energies. However, especially in view of 
the theoretically expected smallness of all second-order hyperconjugation effects,° their attribution 
must be considered speculative. 
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carbonium ion formation, they should presumably involve incipient homodative 
isovalent hyperconjugation. Taft's Conference paper indicates that the relative 
importance of C-H and C-C hyperconjugation ts similar in activated and ground 
states. 

In connection with the role of hyperconjugation in reaction mechanisms, a survey 
by Wheland® of the explanation of the Markovnikov rule for the addition of reagents 
of type HX to a double bond is of interest. It 1s assumed that the reaction proceeds 
through a (perhaps only incipient) carbonium-ion-sait activated complex. The ex- 
planation is then essentially that, taking propylene as the simplest example, the 
isopropyl ion, with main structure H,=C-CH C=H,, is stabilized by two 
(homodative isovalent) hyperconjugated structures (H,=C CH+C=H* and 
H+—C+CH-C2H.,), whereas the propyl ion H,=C-C-C* =H, is stabilized only 

H, 


by one (H==C-C ‘=H,). Hence the isopropyl-type complex is more stable and 


H 


the addition takes place accordingly. Mass spectroscopy as well as hyperconjugation 


heory furnishes evidence tor the greate ability of the sopropy! than of the propy! 


ion; however, there are also tl he geometry of the actual ions, but it would 


(1955 


Ithaca 


| 
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G. W land nar n Orear Chen f pp. 430 Wil New York HD); 
C K. Ingold. Structure and Mechanism in Organic Chemistry. Cornell University Press, Ae 
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formulation’ of this compound as a 2:5-dihydroxy-p-benzoquinone carboxamide is 
untenable for cinnabarin does not contain an amide group.® Rather the oxamic acid, 
acid, obtained on treatment of cinnabarin with alkaline hydrogen peroxide solution,® 
results from the same hydrolytic fission of the quinonoid ring as yields pyruvic acid, 
oxalic acid, carbon dioxide and ammonia 

Evidence for the ortho- relationship of the l-carboxy and 2-amino substituents on 
the quinonoid ring is provided by a re-interpretation of the experimental data*-° on 
the reductive acetylation of cinnabarin and its derivatives (cf. Part I1).° In the con- 
version of cinnabarin into triacetylanhydrodihydrocinnabarin (VIIL), and of methyl 
cinnabarin (VII) into methyl triacetyldihydrocinnabarin (IX), three acetyl groups have 
been introduced into these products. As O-acetylcinnabarin and methy! O-acetyl- 
cinnabarin are also converted into the triacetyldihydro- derivatives (VII[) and (LX) 
respectively, one acetyl group is accommodated on the primary alcoholic group at 
C,.7 Methyl cinnabarin and methyl O-acetylcinnabarin do not form the anhydro 
compound, hence the hydroxyl group involved in this cyclisation must be that of the 


carboxylic acid, and the anhydro compound is then the oxazine (VIII) formed by a 


an ortho-hydroxyl (or potential hydroxyl) group with an adjacent acetylam:no 


ring closure of the l-carboxyl with th acetylamino group. Previously cycl 

substituent was considered.” but it is now shown that no oxazole forma results 
from the reductive acetylation of 2-aminophenoxazin- ne. The third acetyl group, 
placed on the hydroxy up now locate ) position 3, stabil the reduced products 


(VII) and (1X) 


2-Aminophenoxazin 3-one, on similar treatment w zinc dust, acetic anhydride 
and a trace of pyridine, is converted into a tetra-acetyldihydro- compound formulated 
as (XII). Thus the triacetyldihydro- derivative (IX), from methyl cinnabarin, 1s 
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carbonate solution, then water), dried (anhydrous sodium sulphate), and on evapora- 
tion gave a red-brown product (40 mg) After repeated recrystallisation from 
chloroform, decarboxycinnaharin was isolated as dark red needles, m.p 250° with 
decomposition. (Found 641: H, 42 requires: 
64:5: H, 42: N 
2-Aminophenoxazin-3-one 
e (1 ml) was heated under reflux with 
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as colourless needles, m 185 m ethan (Found: C, 62-9: H, 47 
7-4: Ac, 4 73: 4Ac, 45-0 No 
evidence 
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on admixture with the starting eria >a yxroduct, after re-extraction into 
chloroform, w: “s with an excess TF ethane *the ind the crude 
orange este 1 was puri vy chromatography on neutralised alumina, 
being eluted with nzene—chloroform 1). product, | :9-dimethoxycarbonyl- 
2-aminopheno n-3-on as finally isolated as bright orange needles (2-0 mg), 
m.p. 224-22 with decomposition n admixture with an authentic 
specimen he identity of the iF n product with the synthetic specimen was 
confirmed by ci : ft spectra in the ultra-violet (acid, neutral and alkaline)! 
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INTERPRETATIONS of ultraviolet absorption spectra have been of considerable value 
in the elucidation of structure and in the understanding the electronic and steric 
etlects of it tuents on COI jugatea to remen ber the order 
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of the transition energies (i.e. the wavelength of the maximum transformed into 


kcal/mole by the relation FE, 2-859 (in cm~*)) against Z, a new standard 


of solvent polarity.” The lines for the three ketones are shown in Fig. 1. 


Grob et a 


of a positive chi pon an electronic tra! n | bserved truc 
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state and (b) oppose to an even greater extent the formation of an excited state with 


increased charge separation Introduction of the positive charge should lead to a 
displacement of the maximum to shorter wavelengths addition, the smallet 
dipoles of the sround and excited states would lead to a decreased sensitivity to 
solvent. Both effects can be seen in Fig. | 
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SINcE the preliminary communication! considerable work has been done.’ ind we 
feel the investigation | now reached a stage where sufficient data is available to 
make speculation about | ble reaction mechanisms worthwhile. The purpose of 
the present paper is t lect together all the relevant data, largely from work 
already described previous papers in this series or fri earlier work and to show 
that all the results so far obta ned can be explained n terms Of very simple reaction 
mechanisms hree rather different procedures have been used to introduce the 
diazonium gro aromati ympounds. Phenols and tertiary amines have been 
phen ethers 


and poly-alkylbenzenes have been treated with nitrous acid in strongly acidic media 


treated wit nitrous acid in dilute aqueous or alcoholic media :* 


finally deactivated compounds such as 


nitro-deriva *s have been treated with nitrous acid and catalytic amounts of mer- 


such ‘ nee Ti ulphuric acid 


curic 10ns in concentrated sulphuric acid.” Evidence has already been given to show 
that in the last case mercuration is the initial reaction. The first point to establish is 


that all these reactions proceed via nitroso-co 


s0-compounds are invariapl\ diates 


iously been shown that, with each of the above methods for introducing 


the diazonium group, nitroso-compounds occur among the reaction products and 
that the nitroso-compound so formed when returned to a similar reaction system is 
converted into a diazonium salt. This does not establish that all the diazonium salt 


is formed in this way, for the route via the nitroso-compound might only be of minor 


importance and some as yet unknown direct route be the chief mechanism. We 


now have evidence for all three methods that a// the diazonium salt is formed via 
the nitroso-compound. p-Cresol is converted into the corresponding diazonium salt 


by buffered nitrous acid in 77°, yield.* If cupric ions are added to this solution the 
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formation of the diazonium salt is almost completely suppressed. The cupric ions 
trap the nitroso-compound as a chelate and prevent it from being converted into the 
diazonium salt, as it rapidly is by such solutions in the absence of copper. These 
facts clearly establish the nitroso-compound as an essential intermediate in this case. 

lhe reactions carried out in strongly acid media are more complicated. At first 
we assumed that the diazonium salt was actually formed in the strong acid solution, 
but it has now been found that no diazonium salt is formed until the reaction mixture 
is poured into water. All the reactions in strong acid media are accompanied by very 
intense red-brown colours. We believe that these colours are due to a complex ion 


formed between the nitroso-compound and the nitrosonium ion. 


Such colours can be produced by adding nitrosobenzene to concentrated solutions 
of sodium nitrite in sulphuric acid. Similar complexes have been proposed for nitroso- 
amines.” These complexes may be important in protecting the nitroso-group from 
further reaction in the concentrated sulphuric acid.’® The reaction procedures used 
to prepare diazonium salts from mesitylene® (a typical strong acid preparation) and 
from p-nitroanisole* (a mercury catalysed reaction) have been repeated exactly as 
before. only instead of pouring the reaction mixtures into crushed ice, they were 
poured into cold sulphamic acid solution. In both cases only traces of diazonium 
salt were detected In the latter example an 88 yield of crude 2-nitroso-4-nitro- 


anisole was isolated (cf. a 75°. yield of diazonium salt when poured into water).” In the 


former case the vield of diazonium salt was reduced to less than 15°, (cf. a 78°, yield 
when poured into water”) but the nitrosomesitylene could not be isolated from the 


nitrobenzene used as solvent. Not only do these results show that the nitroso-com- 


pound ts an essential intermediate in the preparation of diazonium salts by either of 
these procedures, but clearly the mercuration procedure” could be adapted for the 
preparation of nitroso-compounds. It also seemed likely that the yields of diazonium 


salt could be improved by pouring the acid solutions into nitrous acid instead of 


water. This has been confirmed with p-nitroanisole when the yield was raised from 


72°5 when poured into water. to 79-0°. when poured into nitrous acid 


(ii) The mechanisms of the nitrosations 


It is not the purpose of the present paper to draw any definite conclusions as to 
the exact mechanisms of the nitrosation steps. However certain inferences can be 
drawn from the data already available. Phenols and tertiary amines are nitrosated 
in very weakly acidic media, if diazonium salts are desired as the end products, and 
under these conditions only a limited number of nitrosating species are available. 
The most likely are HNO,, N,O, and NOCI. Less likely is HzNO, and NO* can be 


discounted in such weakly acidic systems. On the basis of the work of Ingold, 


Hughes and their collaborators N,O, is the strongest candidate as the effective 


species, since in qualitative experiments chloride 1on appears to have very little 
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effect. On the other hand nitrosation by ethyl nitrite and hydrogen 


chloride in anhydrous ethanol':* probably involves molecular NOCI. 
strongly acidic media* * almost certainly involve nitro- 
2 and all the results so far obtained are consistent with 
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Clearly similar mechanisms can be visualised for a variety of nitrosyl derivatives NOX. 


(iv) Conclusions 


We believe we have established unequivocally the two stage nature of the reaction 
involving a nitroso-intermediate. There appear to be several mechanisms leading to 
the formation of the nitroso-compounds and similarly a number of closely related 


mechanisms for the conversion he nitroso-compound into the diazonium salt. It 


has not been possible so far to attempt thorough investigations to elucidate the exact 


details of these steps; however, our present qualitative ideas about these mechanisms 


have proved of the utmost value when attempting ten » reaction and for this 


reason we are presenting them now hev are summarised in the following scheme. 
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(a) p-¢ resol nitt ions. p-Creso (1-O8 2) was dissolved in acetone 


(50 cc) and the solution diluted vate cc). Sodium nitrite (10 g) were dissolved and cupric 


acetate (10 7) were adde« ot aul tn J c acetate dissolved The mixture was cooled to 0° and 
2 N HC1 (20 cc) were added t hr a 50 cc portion was withdrawn and the excess nitrous acid 


removed by the additior ulphamic 1 solution. The solution, which was an intense purple 


colour, was extracted with ligh tl n (b.p. 60-80") and the aqueous layer treated with a slight 
excess of 2 N NaOH solution. The copper hydroxide was removed by filtration and the clear vellow 


liquid rendered just acid. Excess resorcir as added and the solution was made alkaline and left 
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reaction at the nitroso-siage 
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dye (0-01 2) w tated g in the absence 


ured 


| 
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of copper ior 
ib) ne treated with lium nitrite and sulphuric acid ne and then 
— 
sulp ‘ +3 \ of s nitrite 
) ) ne ed 
. f 
— 
\ 
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THE REDUCTION OF DIKETONES BY UNIPOSITIVE MAGNESIUM 
ANODICALLY GENERATED 
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Abstract—A series of d e general formula C,H-CO(CH,)nCOCc 
and 


electi 


A SUBSTANTIAL al 


on anodic oxidatio1 
in part in the wi 
form of a 
oxidation | 
at the 

I 
investiga 
great di 
proved to b 


behav LOT of 


nesiun 
two. | Tr Ul umstances 


te n 


isolated from the anolyte, and 


product corresponded essentt ully quantit: 


the organic additive of the metal from tts 


* For Part IV 
M. D 

V 


H. has been prepared 
n between mnesium 
ues In every case Nydrolysis OI the anolyte IOuOWING eiec ( VSIS viel | as the 
] reduction product evidenced by titration with star 1 tetraacetate n. The diketones, 
i | :3-dibenzoylpropane 3) and 1 :4-diber yidut 4), gave | :2-dipheny pentane- 
1:2-diol and cis-1:2-dipher hex | espe On the p t the other 
aiketones a e tnere 1s {rik n detweer mean vaience 
number (V,) of ti ynes ente t from ft i the e of rine: lowest 
observed 
ae 1ount of evidence has been accumulated Cc dicates that 
3 iT L1gueoUs Sa i OLUTLO iecast 
itive State Ihe latter species is ot deel ed in tne 
a ae but converted rapidly to the dipositive cation a result of 
nt educible solutes (e.g. AgNO KMnO ir electroci cally 
or of magnesiu nhydrous pyridine solutions has also been 
levertheless a satisfactory elect tic mediu It therefore 
Si vent study Ot rvanic oxidant inodic 
Magnesiun 
In the anodic oxidation of 1enesiu sodiu odide d he 
metal entered solution with an initial me: ilence number (V,) of tw However, 
: in the presence of an‘ e of a number of potential organic oxida e.g. benzo- 
I 
phenone,' 4:4’-dimethylbenzophenone,” 2 -methoxy-2:4:6-trimet b nhenone, 
benzil,’ nitrobenzene.’ nitrosobenzene izoxybenzene,’ and azobenzene‘) the mag- 
initial mean valence m yer § cantly less than 
a reauctio procuc ol the ic adc was 
Dm 2 majority of instances the amount of reduction 
W. I Mel LK 195 
; B. N. Kal { \ SSSR 112, 692 
W. E. Mel 1J.K 1 76, 22 (1954 
W. E. McEwen, J. Kle ‘ D. L. Burdick, W. D. Hofl . lA ( Soc. 78, 
4587 (19 . 
oe ® M. D. Rausch. F. D. Popp, W. E. McEwen and J. Kleinberg, J. Org. Chem. 21, 212 (1956) 
nt J. Y. Yang, W. E. McEwen and J. K berg, J. Amer. Chem. Soc. 80, 4300 (1958) ‘ 
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the cases studied was the 


agnesium anode non- 
tnose im 


of unipositive 


au 


situation was more 


complex formation of a cyclic 


DL. 


2 state. It should be emphasized that in only a 
| 
solution, a rpreted as be ought about by the action 
\ diket f i C_H.CO(CH, whe 
he reduced to 
) ted iry | 
H cd to \ ( ree ef 
j aciag-cal cd OF the der | Va 2-diphenyl 
, 
penta i result of a pinacol-pinacoione real 
the phenylbor te ester afforded the original 
With 1:4-dibenz Ibutar 4) as organk dditive the 
lick, A. V.S W. E. Mel i J. Kleint Amer. Soc. 79, 5467 (1957 
E. Hoger, G. Hult P. Kruck, F. Marktschefl H.S berger, inn. 599, 
| 
H. G. Derx. A 41 
M. Sug ira ( M. Bown j imer. Chen So 80. 2443 (1958) 


1s obtained 1-benzoyl-2-phenyl-1l-cyclopentene(I1), a product formed 


curve obtained when 


rate or equilibrium data of other reactions involving either t 


savion 


\ 


Anodic reductions 


and dehydration 


C.H.CO(CH 


is plotted against ring 


the 


iL 


of ring compounds are plotted as functions of ring size 


1950) 
74 


(1955) 


nen ‘ 


38, 1541 


1894 (1952) 


Slarting 


il 


Soc 
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ketone. The 


configuration as 


and the 


molecular 


2) and those found when 


he use or formation 


212 (1951) 


1 :2-d there wi 
reduc yn product, | had the cis) 
2. 
‘ 
appearanc f absorption bands t] d spect denoting intra! 
nvarovc ponding 
t act ted the other diketones of the 
reauc ol is a Z-dipnheny! lodecane- 
of t esium entering ution from the anode and 
the stabil of 1 | :2-d by dic luctior The lowest 
‘ 
Mor as the d Fig show re rkable yetween the 
cb Oo metal the prese keton 
Prelog, J. Chem. I 
733, 
6H. C. Brown, R. S. Fletcher 73, 
; ‘7H. C. Brown and M. Borkaws 
R. Heck and V. Prelog, Helv. Chim. Acta 
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It is also of significance that the anolyte solutions following electrolyses in which 


the organic oxidant was | :3-dibenzoylpropane were capable of corroding the massive 
magnesium employed as anode, whereas solutions of the diketone itself could not do 


s-1 :2-diphenyl ane-1:2 


Same 


as that 


as obtained 
provided prey 
obtained 


reaction 


nassive) 


(b) 


— 
om electrolysis alone. Evidence of the same general nature Em : aa 
yusly i study of the inodic reduction” of benzophenone® was 
led | lical 
showed the corrosion process proceeded ree radic cnain 
datail 
(See Experime | for details 
The fol mies proposes » ACCOUT tor Dot Ui tro ic and 
Corrosio! ts cited ) . 
(1) The siu inode enters solution at least in part { tat 
(2) Part ed to t te b 
diketone and part electro e ano i ites O 
these vel ctlions Getern tne Ce ybserved 
| vest re d 
+ 
B Mis Csiul iit cil a ) ed 
inter it] t tr | juctio 
Mio 
) 
i M . Meg 
CH. 
(CH,) 
corrosion process (chain mechanis! = 
a) Mg — IV Meg 
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It is likely that any of the intermediate (II1) which is still present at the time of 


hydrolysis undergoes disproportionation to give the cyclic diol plus the original 


diketon 


As reported previously.® benzil on “‘anodic reduction” gives benzoin in quanti- 


tative vield. It is probable that the magnesium enolate(V) is the final reduction 
xisting in the anolyte prior to hydrolysis; it is clear that (V) may be regarded 


e ol compound is (LV). but one in which n 0. Furthermore, 


product € 
obtained that the radical-ion(VI) is formed by the initial 

1gnesium with benzil. The species (V1) functions as a chain 

r electrolysis Che organic 

benzoin. 

acts in a 

the 


as the 
inum 


ydrous 

19 

4-d benzoyl- 
eptane, and 
values 


iman and 
imer. Chem. 


j 
. 
othe liketones investigated 
Mo 
O O O O 
: 
( ( CH C, } ( C.H 
\ vi 
4 pi mpiet e data is lar accu lated, it has 
t to 1 Ol pi iS ver tne IS a pos ible 
‘ Lil . 
iit ell | ous anodic-cathod ) 
f t led q On 1 vasis of 
Ho tnis ter 1 u t the corrosion 
" esiun chain carrier is firmly 
| 
EXP RIMI NJ Al 
elect ere 
Com \me! lide, **Bal Analyzed,’ which was employ@l 
Mallu rodt Analyt | Re I ra was | tio! ly distilled at atmospheric 
pressure trom so throu a 4) ¢ packed COlu ang ed \ 
barium < 1 By an adaptation ot ; rocedu ( ed in Orean 
each of the aikel es was epared lethane 
13] Inent has -7_dihenzovl 
propanc 1:5-dibenzovipentane, 1 :6-d1D lhexane dibenzoy! 
1:8 dibenzoyioctane [he melting points of the diketones agreed wil 
G. K.1 1. Amer. Chem. Soc. 71, 2707 (1955 iJ. L. thrig R. G. Caldwell, J. 
78, 2 955) 
4 nt ort ted Ay er el by Sx \ zkop Microanalvtical 
: Labo e, N. ¥ 
vee 2 »R. C. Fuso |. T. Walker, Ore Synth 2nd Ed.) ¢ Vol. II, p.169. Wiley, New York (1943). 
on 
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reported in the literature.” “i 1:2-Dibenzoylbutane was prepared by the reduction 
of 1:4-diphenyl-1 :4-butenedione with stannous chloride.*' 


{pparatus and procedure. The divided cell used in the electrolyses 


type described by Davidson and Jirik.** The source of direct current was a full-wave 


mercury tube rectifier capable of supplying up to 1000 silver coulometer 
in series with the was empl letermi he quantit' ‘nt p: The 


cell and its 


0-00 + 0-000 
Various 
prop 


propane as t nic additi\ rave uly Vale numbers (V,) 
for mag I n I lysis 1 case was 24 hr, 
the appl i volta s and th iti nsity 0-005-0-007 amp/cm* 
On con f each ctroly le conte an > and catholyte were 
1 int ‘par: laSKS } ing ily boiled 18 


cooled to O with ‘ ] ne | } anolyte solution was placed in a 


drainec 


refrigerator for 24 hr an ’ “1 * which had formed collected by filtration. 
The filtrate was extract vith ether in a continuous extractor, and the precipitate 


was combined with the material recovered from the ether extract. The combined 


solid material was dissolved in chloroform and diluted to a volume of 250 ml 


I B 
R I 


~“ 
Een contents were immersed in a water bath which was maintained at ae 
Before an electrolysis the magnesium electrodes (0-5 5 cl ere throughly PS 
cleaned WITD Gilute nitric acid ished with watel a tne a ia iv ighed 
The sodium iodide solution (0-5 m in pyridine) was prepared such a ras to “ 
4 
was il 100 the d1de-p 4 Lio Or tne 
resul was added to OLY cA | cell 
was swept th ary KVeen-irec and dul ic LYSIS 
The duration of electrolysis, the applied voltage, and the current density ll be ee 
the anoad \ ed ed water icetone and dis ed wate 
was ca ted in accordance w the equatior a 
/ tot Me ver fror anode 
} ture of a r ty SiX €lectrolvses 
were Cal ed Oul wil | VSIS sconducte fe i period ol 
mp/cn valence bers obtained with the 
0-04: 1:6-dibenz: exane, 1°93 0-05: 1:7-dibenzoylheptane O-O3: 
1 :&-dibet 87 0-O] 
{nodic reduction” of 1:3-dibenzoylpropane. Electrolyses in which 1 :3-dibenzoyl- 
S. Bailey and i” 70, 2412 (1948) 
W. Davidson and | Jirik Cher 72. 1700 (1950 
We 


Anodic reductions—V 299 


Appropriate aliquots were withdrawn, evaporated to dryness, and the quantity of 
| :2-diol determined by titration with lead tetraacetate according to the procedure of 
Gebhart and Adams.** The lead tetraacetate solution was standardized against 
cis-1 :2-diphenyl-1 :2-cyc/opentanediol, prepared as described below. The yields of 
ea V, of 1°63 


and 92° for that in which the | equalled 1-53, the theoretical yield being determined 


AV 


| :2-diol, as found by titration, were 94°, for the electrolysis which ga 


iv 


by the use of the equation 


>The 

cis-| 

valid one 
experiment designed 


propane was added 


solution 


besulfite. 


aliquot 
The precipitate w 
chloroform solution 


diketone (1:3-dibenzoylpropane) a1 


(theoretical 0-62 g, as calculated by the 
cis-1 :2- Dipheny/l-| :2-cyclopentanedio 
by Japp and Michie,** 1 :3-dibenzoylproy 
identical with that obtained by “anodic reduction” 


(0-074 mole) of aluminum foil had been cut up into pieces | 


treated with a dilute aqueous solution of mercuric chloride for 


amalgamated aluminum pieces were collected by filtration, washec 


ether, and added to 200 ml of aqueous ethanol containing 67 


J. Gebhart ind lam ‘ em. § 76, 
**F. R. Japp and A. ¢ Michie hen , 1020 (1901) 


(2 (wt of Me iOst Irom anode) 
24-3 
. lc ated Lilie LSS 110 Lt ne L ormed Was 
to tacil te tne 1sola I the |:2-diol, g of | -didenzZovi- 
compartment VO org Cc additive was solved the ec Sis Was 
carried out for 16 unae ine Sa ms as tne pre IS Cxpe nent: 
a Value ! > Wa und 
cee The anolyte solution was hydrolyzed as described above. the resulting solution 
placed in a retrigerator for 24 e precipitate (A) sec hitered off 
The hitrate was subdjected to co ether and Tesu ng etnel 
then washed with small amounts dilute aqueous solutions of sodium 
hydroch c acid, sodium bicarb« e, and fing distilled water. Removal 
of the ether by distillation left 0-40 « is d material C dissolved in 
chiorotorm. The infrared spectrum of this solut Was ltakel ind | nad to be 
essenuauy ide i Wil (hat ol ad Vill oro SULU ) of au en tic ._-aipne 
| :2-cyclopentanediol (see below). Moreover, addition of petroleum ether (b.p. 38°) 
to the chiorotor! SUTULIO yielded Of a cryst mate , 
which did not depress the elting point o uthentic -| :2-dipheny 2-cvclo- 
pel ta iediol 
[he original precipitate (A) was dissolved in chloroform and an appropriate 
I I 
vith standard lead tetraacetate solution as described previously. 
found to contain 0-14 ¢ of 1 :2-diol The intrared spectrum of the 
yn showed that precipitate (A) consisted a XKture of starting 
yhenvl-] pentanediol amounted to 0-54 o 
en in previous section) 
adapted from one described 
luced to a | 2-diol Vnicnh Was 
ff the diketone. After 2-00 g 
cm in length, it was 
(by volume) of the 
3925 (1954) 
; 
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5-00 (0-002 mole) of | }-dibenzoylpropane, 


oe for 3 hr at a ten lightly below the boiling 


inum was added to 
heated to boiling 
original 


il had 


4 
alcohol. To this mixture was added 
and the mixture was heated with stirrir = 
:. point of ethan An additional 0-5 ¢ of the amalgamated alu us 
tl vas SLITTOCUG OVE igl | xture W 
and filt a hot After the filtrate id been concentrated to one 
vo the 1:2-diol crysta d from solu The purified mater 
: 
(Fo H, 7:19: Cale. for C,-H,,O,: C, 80-32; H, 7-08%) 
| fact that the ectru of the compound 
take tio ed the presence of hydr 0 but the absence 
: ot ) oO com] ori diketone by 
W ‘ onl 1 pre Cs 
ould appeal : 
TOK 
| 
| 
H B ( H.,, Be { H 
B 
| | 
C.,H,.BO ns diol ld ester of 
om I he ric | Kanes ave ; 
f fi lo a solutior | un of dioxane in it) mi 
me 
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of water was added 60g of sodium hydroxide and 0-5 g of cis-1:2-diphenyl-1 :2- 
cyclopentanediol phenylboronate. The resulting solution was refluxed for | hr and 
extracted with ether. After the ether extract had been washed with water and dried 
over anhydrous sodium sulfate, the ether was removed by distillation and the residue 


recrystallized from chloroform—petroleum ether solution. There was obtained a 


white crystalline compound, m.p. 102-103", which did not depress the melting point 
of authentic cis-1 :2-diphenyl-1 :2-cyclopentanediol 

Preparation of the isopropylidine ketal of cis-1:2-diphenyl-1|:2-cyclopentane-diol. 
m.p. 102-103", in 100 ml of 


To a solution of 5-00 ¢ (0-02 mole) of » 1:2-diol. 


highly purified acetone contained in flask. was 


conc sulfuric acid The flask ly and allowed to 


at room temp. Most of the solvent was then removed by distillatior 


pressure and an aqueous solution cont 


was extracted into 


solution 


anhydi 


an electroly up procedure 


of 

been 

was 

most 

255-5256 after two recrystallizatior ro 


(Found: C, ale. for ¢ 


The empirical formula of the compour 


ether 


derived from cis-| 2-diphenyl-1 that 
this small amount of ether product 


1 :2-diol, which was obtained in 92 


: 
added I ml ol 
he 
nee stand for 12 hi 
anil 
organic material ether. | ether solution dried over anhydrous 
( sodium sulfate and the solvent removed y { I O The re as adissoived in 
4 petroleum etne D.p . and chromo Tap Ol alun ha | lution wit petroieun 
I 
ea ether provided 0-8 g of white solid which had an m.p. of 84—85° aft e( tallization 
irom 
(Found: C, 81°53; H 29: Calc. for C.F: C, $1°58: 
H dro A Gnd rea anvgenent of the Cld solutio or of 
2 the is Propyud ACtal, I p 54-85", o1 ormic Wa ieated on a 
steam bath for 50 mu The solutio Wa ge aik Cc WI! odiun agroxide 
; and extracted with chlorofo [he chloroform solutio s dried ove 
os ; BEE magnesium sulfate and evaporated, giving 0-158 ¢ of a solid which was 
oe identified as a ketone b le presenc f an abs nm peak at | in the 
infrared spectru tat chiorolo sOlut | ic VOL CU ds 
2:2-diphenyk pentanone Dy the prepa thc itropn darazone, 
m.p. 180-181"; reported* 182-182-5 
(Found: C, 66-46: H, 4°87: N, 13-19: Cale. for CosHogN,O,: C, 66°33; H, 4-84: 
13-46 ) 
umerous attempts were lade to Crit cid-Cataiyzea nyd Kelal 
In order to obtal the original | 1yCol However, very case ech I changed 
ketal or the rearrangement product, the ketone, was found ; 
Is vation of an from lic Foll ving 
eee of the type described und eduction 
lution ré I alte in aliquot had 
al CVADO!I ited to at hess resiaue 
n solute ethanol, and as one of the 
70 f a compound having an m.p. of 
cetone 
1H. C, 83-22; H, 6-98 °%,). 
yicid. 
N. R. Easton ar Ss J WN j dimer. Cher 75, 640 (1953 
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olyses in which 1 :4-dibenzoyl- 


as described 


of the anolyte 


‘ 


ere the neutral 


preparation 


con which was 


a peak 1650 cm 


i 
proc 


nan ely 
of | 


reduction of 

4-dibenzoyibutane to give 
relatively 

ol | 4-diber iT 200 n 

sodium amide 


vield of the diol 


low 
l-cyclopentene 


| ol anhydrous b 
The mixture was stirred for a few 


lo i solution of | 3-3 mole) 


rene was added 3-9 g (0-1 mole) of 


n at room temp and then heated 


** Anodic reductior { 1:4-dibenzovlbutane. Ele 
ee butane was the organic additive were carried under the same conditions = ae 
| iS AISO uy} 1O and tHe | omit wh 
T we ‘ at til gard Gg tetraacctate¢ 
‘ | 5 
‘ 
d d f 42-4-43-4 
pet | ( as 
dt duct 4 dtoh ‘ 
| ‘ ) hed 0-66 o 
} ron ow Cl the co nd ad 
7.41 
: H Calc. for C,.H.,O.: C, 80°56; H 
dentified as :2-diy xane-1:2-diol by the 
{ 
d tral existence of tramolecular hydrogen bonding by the same 
net emy cd ™ inc and Dy (he 
Ext | , with methanol gave 0-08 ¢ of 2 
} 9 
not identified but t nfrared spectrum of which co 
a indicat the n mn the comnound of a carbor 
‘ 
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on a steam bath for 3 hr. About 150 g of ice was added, and the mixture permitted to 
stand overnight. The benzene layer was removed, washed with water, dried over 
anhydrous sodium sulfate, and the solvent removed by distillation. The residual oil 
was distilled at | mm press and the fraction of b.p. 155-164" was collected. When the 
} 


oil was dissolved in h ow boiling petroleum ether and the solution allowed to cool, 


crystalline l- nzoyl-2-phenyl-l-cyvc/opentene was obtained and found to have an 


Vi 
irked | in the in mani as es 1 Tor h nzovidutane 
sis h aterial with methanol-benzene could not be crystallized, 
nfrared spectrum of the material (in chlorofoim) indicated that the 1 :2-diol 
had been concentrated this fractior he fact that there was absorption in the 
spectrum at both 3550 an 3590 cm consistent with the occu 
hydrogen bonding 
Products formed a 1e cathod It has already been shown that the cathodic 
reduction of benzil at a magnesium cathode in pyridine gives a quantitative yield of 
benzoin.® With diketones of the type in which two or more methylene groups separated 
the benzoyl groups attempts to isolate products from the catholyte hydrolysate 
gave highly colored, intractable material in every case. Titration of these materials 


with lead tetraacetate showed the presence of very small amounts of | :2-diols 


(1-15) 


1 
eee 4 m.p of 43-4-44-4 
(Found. ( 86-9] H. 6-59: Calc. for H..O: C. 87-06: H. 649%) 
T} nirared pect! of the col pound chiorotorn olution showed an 
ipbsorpuol | ah 164) cn ang wa consistent otner respects with an a- 
unsaturated Keto cture 
cis-1:2-D | :2-cyclohexandiol phe To a lution of 50mg of 
pne ol cl I i Wa dded 20 Ol | 2-diol. 
) After ‘ dg tor several Gays at 
0 ite precip ed p a ecrystal- 
| 81°45: H. 6° B or C.,H..BO C. H. 6°54 
ae D Yield of 1:2-diol 
be 2-d m 4) 
‘ 
71 
1. 
quantit ia ( ae alli and, tl rel tric reported DOVE 
| :8-dibenzoyloctane was present as additive and in which the theoretical yield of : 
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Corrosion experiments. Solutions of the diketones in sodium iodide-pyridine 


did not attack massive magnesium prior to electrolysis. However, in the two cases 


were studied, namely wi | :3-dibenzoyvlpropane and benzil as additives, the 


anolvte sol le of corroding the massive metal. 


After an trolysis 1 3-dibenzoylpropane was the additive and in which 
solution from the anode, 
tl nolvt The rod was 


‘ 
UU ilculated 


14 
OSLOT 


reviously 


_ 
304 
} 
the 
f 
permitted to stand im the solution for a period of [25 hr, after which it was cleaned, : ee 
al d and ed | oF tne a to the dissolutio of 
0-0071 at of magne: Inasmuc the calculated quantity of rad mitt) 
5) Pproaguced e crectrocnemi is Dut ole, it 1S 
evident? t corr 1D i 4 ‘ | Vas drolyzed 
and workec pas ed mader ed of 1:3-dib vipropane 
nenta d xpected f{ it oft rol d corrosk hy chair 
nec ) ‘ ma SI] Cl ent 
0-002? ‘ | tetraacetate tit Oo } 
7 ) itr? tne COTrosio}! proce thar 
would tne Y DOS Dit latte occurred i othe! ti ina 
Pertu ( ior I peril tS SUDSE t to electrolvses in which 
is 1 ‘ \ ode aul 
+} 
A ( of the tures by 1 frared 10d described p77” 
act inted I . Oo! the xpected iron COl tion of electrolysis and 
| gesc a | eoretical section ke the 
ex nt HD C Va t Ol orrosion 
i SSIVE C the catholyte following electrolysis 
ote 1 the Ultic of Ordnance Kes« US \ ior a 
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A SYNTHESIS OF 1:2-BENZANTHRACENE AND ITS 3'-METHYL 
4-METHYL DERIVATIVES 


and K VENI 


equctiol 


Elbs prepared 


ad Tetrahedron, 1959, Vol. 5, pp. 30 0. Pergamon Press Lid. Print n Northern Ireland 
4 
j 
q 
N. B. AT ARAMA 
National ¢ vy, Poona and Depart cal Technolog 
{ yorB B bay 
. Re 2 4 19 
Abs ict Bel p ) R CKe 
ig ae the leuco de! ethod* for 1 on of quinones to t corre- 
4 
sponding ael Live u ip now ne ods 
tillat } nd I 
such as cal ( ( C ‘ ( ] 
disor t (Ind etl ip ester oO! the ieuco 
derivative of 3:4:8:9-dibenzopy! danthre en yellow GK): 
tre ent th Kane ind d Li a ixture of hydro- 
and dium acetate tre | ( tn emp a Io! 
trix ‘ Cl i-a ay acene- 
6:ll-qu : t iric ester ts leuco d itive BE cene 
derivat and 3:4:9:10-dibenzopyren¢ ol terest in connex! ith 
Care O} c Studies ive Cd | ( ed 
product a ) neat tne ad ( i the ip ster ol 
an octahydrobenzanthracene, -dic 0-5 :6- 
1.4 = 14 : 
dicvanobenzoquins or chloranil gave | cene: the overall yield from 
benzanthraquinone was 70 per cent. Benzanthra also « ed in similar 
vield by zanthraguinone wit iminium tricye exoxide in cyclo- 
hexanol.® | impure benzanthracene by reduction of the quinone with 
* Part VILJ. S Ind. R Bis, 2 ) 
N. B. D V. Rar Sei. J Res. B14, 331 
( B Dy h. ¢ 72. 4 
N. B. Desai, V. Ramat K. \ J. Sci. Ind. Res. BUS, 2 $6) 
A. B G. B R. P. 1 J. Chem. S 569 (1954) 
S. Coffey a V. Boyd 2468 (1954 
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zinc and ammonia;* Badger and Cook’: reduced the quinone successively with 
stannous chloride and acid to a resinous anthrol and then with zinc dust and sodium 


hydroxide to the hydrocarbon which required purification through the maleic anhy- 


dride adduct 
3’-Methyl-1 :2-benzanthracene (1) was first synthesised by Cook” in 5-10 per cent 


yield by the pyrolysis of |-benzoyl-2:6-dimethylnaphthalene, and subsequently by 


Newman and Gaertner® by a laborious process involvit several steps H ydrogenoly- 


2-ben- 


sis of the disulphuric ester of the l derivative of 4'-chloro-3 -methyl-|! 


followed provides a much more convenient 


zanthraquinone (II) 
route to (1) ated on the phthalic in| vdride 
used. 1-Chlor phthalic anhydride in presence 
of aluminiun the 6-position, as Scholl’® has 


shown in the of loro-l-methylnz thale ind cyclisation with sulphur 


acid gave (II) 


action <¢ coppel 
vridine, followed 
im salt (LLL) of 
with 
product 

nethyl- 


of the 


methoxy- 


naphthalene and phthalic anhydride, is to oxidise 3-methoxy-1 :2-benz-10-anthrone 


to 3-methoxybenzanthraquinone with sodium dichromate and acetic acid and 

demethvlate with alumunium chloride—sodium chloride at 130—140 The formation 

of (IV) by pyrolysis of 1-benzoyl-2:3-dimethylnaphthalene was first described by 


Fieser and Peters: (IV) was synthesised later by Fieser and Jones from 6- 


methyltetralin and phthalic anhydride. More recent syntheses of (IV) involve the 


* K. Elb 
M Badg 
S. Ne 


E.M 
and M. A. Peter d 
ieser and R. N. Jones TR) 


7 
* 
ave Since our projected synthesis of 4-methyl-1:2-benzanthracene (1V) involved the ae 
reduction a nydroxy!l group in an anthragdt derivative, the reduction of 
2-hvydroxyanthraquinone anthracene Was tudicd The 
bronze on 2-hydroxyanthraquinone in chlorosulphonic acid and 
by sodium hydroxide lutior ve a quantitat eld of the tri 
the t sulp uric ester hydroxyanthrahnyadro one Treat 
Rane\ alloy and sodiul hvdroxide solutio1 ind dehydrogenat 
a with selenium gave anthracene i yield of about 85 per cent. 3-H 
ft benzanthraquinone (V) was then reduced to (IV) via the trisulphuric ester 
ee leuco derivative and dehydrogenation of the exahydro-4-methylbenzanthracene : 
coe obtained by hydrogenolysis with Raney alloy and alkali. For the preparation of (V) 
we used the Marschalk reaction, condensing ydroxybenzanthraquinone with 3 
formaldehyde and aqueous sodium hydroxide An improvement in Fieser’s proce- 
es dure for the preparation of 3-hydroxybenzanthraquinone,” starting from |- 
Discn. 19, 2209 (1586) 
and J. W. Cook, J. Che 802 (1939) 
ae ey un and V. R. Gaertner, J. Amer. Chem. S 72, 264 (1950 
* J. W. Cook, J. Ci $56 (1932) 
wig oo 19 R. Scholl, C. Seer and A. Zinke, Monatshchrift 41, 583 (1921) 
Marschalk, B ( 3, 1545 (193 
in 
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condensation of 9-methyl-1 :2:3:4-tetrahydrophenanthrene with succinic anhydride” 


and the condensation of 2-allylcyc/ohexanone with tetralin."* The present procedure 
utilises more readily available intermediates; it is also applicable to the synthesis 


of other 4-alkylbenzanthracenes 


recent communical 


Mavyvat brilliant 


XPERIMI 


Vi) 


‘oO S. V. Ke 
B. D. Tilak, M. K. | 
*K. Venkataramar The 


2 
t} nt 1) yey the 
rhe preparation of the potent carcinoge 4 10-dibenzopyrene, the 
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An alternative and equally convenient method convert 
red AF, which is maini dibromo-3 :4:9:10-dibe pyrene-) :8- 
quinone, into the sulphuric ester of 1 leuco derivative, reduce this e Raney : 
a illov and sodium hydroxide solutior ind denydrogenate the mixture drogenated 
hydrocarbons thus obtained wit SCIC 
to 60 | -?-benz So i ec ro 
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yellow plates (0 p. 151-2 Recrys ni co yave almost co less ning 
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»-(5’-Chloro-6 ethyl-2 benzo a lo cleat lution of pht vdride 
6W.E.B M. W. Cro nd W. S. Struve, J. O Chem. 12, 596 (1947) 
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(8S ¢) and 1|-chloro-2-methy naphthalene (98 g) in acetviene tetrachloride (SO ml) was added 
anhydrous aluminium chloride (15 g) in four lots in | hr at room temp The mixture was stirred for 
8 hr. left overnight. poured into ice-cold HCl, and the solvent removed by steam distillation. The 
resinous residue was washed with water, d ssolved CO, solution and reprecipitated with acid, 
when the keto acid was ob ed as ranula (16g), m.p. 90-100" after softening at 60 
The substance was uncrvstallisable, but cyclisation yielded a readily crystallisable anthraquinone 
lerivative. When the acid was purified by running the dark brown solution in benzene through a 
eX, Trecove e pale yellow product f n the percolate diluting the alcoholic 
s th wat ind letting stand ww efrigerator for a few days it was obtained as a buff 
C ed powder, melting indefinitely at about 120° (Found: C, 70-1; H, 46; Cl, 9-4. C,,H,sO,Cl 
70-4: H, 40; ¢ 11-0°.). Fieser and Peters'*® encountered similar difficulty in crystal 
ro-3 } a il) solu f ethy!l-2’-naphthoyl) 
her c ac ) conc. H.SO 100 ) was stirred at 60-70 fi 4 hi 
On ne int ater the eenish precip te filtered. washed with te NaOH solution 
6Se). lit vst be elongated yellow needles, m.p. 227 (Found 
( H > C,.H,.0<4 ( 4 H. 3-6: ¢ Li-€ 
D liu a 4'-chloro-3 inthrahydroquinol The reduction 
ec f be quinone: 65 ¢ of the quinone (II) 
Or Sait ester (S50 vield) is determined Dy the 
4 \ < ke Ite 
I extrac f a viscous oil 
h ( 8: H.& es: ( H, 
\ f ) (2 ¢) and 2:3 
xed ct 0 f 2 ecipl 
f I pale 
( H. ¢ C, 94-2: H 
144°. Cool » 160° for the 
a 
( nm 


NaOH 


300 y. The 

(2 », ndepressed wher 

3- Me 2-b throne was prepared according to 

I ew uth for 15 in, d which the 

cac xture Dilutior h« ea bright orange-brown precipitate 

f e (33 ( sation tro benzene ¢g brown needles, m.p. 188 (Fieser and 

Diet 


a 
ae... py e (6 < Afte the past , 10) the temp. was raised to 60 

‘ we tl The 

\! w Tor | ‘ Vas 

( , ( Hi ( > H. 7-7 The 
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chloride (10 g) was melted on a free flame. 3-Methoxybenzanthraquinone (10 g) was quickly added 
to the melt and the mixture stirred with a thermometer at 140-45’ for 2 min. The melt was poured 
into ice-cold 5°, HCl, when the hydroxy compound separated as an orange-brown precipitate 
(9:5 g). The product dissolved in alkali with a deep purple colour, which changed to orange-red on 
adding sodium hydrosulphite. The acetyl derivative, prepared by refluxing with acetic anhydride 
and a drop of H,SO,, crystallised from benzene in stout yellow needles, m.p. 232° (Fieser and Dietz 
m.p. 232'). The acetyl derivative was hydrolysed by dissolving in cold conc. H,SO, and pouring 
into water. The hydroxy compound crystallised from dioxane in orange-red plates, decomposing at 
about 250° (Found: C, 78:6; H, C,,H,oO; requires: C, 78-8; H, 3-7%). Fieser and Dietz 
have not recorded the m.p. or analysis of this compound 

3-H ydroxy-4-methyl-\ :2-benzanthraguinone (V) 3-Hydroxybenzanthraquinone (6g) was dis- 
solved in NaOH solution (600 ml) and vatted with 15 g of sodium hydrosulphite at 40-45 for 10 


27 


min in a nitrogen atmosphere The solution was treated with 37-5 formalin (4:2 ml) and stirred 
on a water-bath for | hr. The mixture was cooled and air-oxidised; acidification gave an orange- 
brown precipitate (4°8 g) The acetyl derivative cryst: -d from benzene-hexane in thin yellow 
needles, m.p. 203° (Found: C, 76:7; H, 41. C.,H,,O, requires: C, 76:4; H, 43%,). The methyl 
ether, prepared by the action of dimethyl sulphate and NaOH solution, crystallised from alcohol in 
thin yellow needles, m.p. 146° (Found: C, 79-3; H, 45. C.9H,,O, requires: C, 79-5; H, 46%) 
The acetyl derivative was hydrolysed by cold conc. H,SO,; the hydroxy compound (V) crystallised 
from dioxane in orange-brown platelets, m.p. 228° (Found: C, 791; H, 44. ¢ H,.O, requires: 
( 9-2: H, 42%) 

Hydrovenolysis of the trisodium salt of the trisulphuric ester of 3-hydroxy-4-methylbenzanthra- 
hydroquinone. Chiorosulphonic acid (6 ml) was slowly run into a mixture of 3-hydroxy-4-methyl- 
benzanthraquinone (V, 5 g) and pyridine (50 ml) below 20°. The paste was stirred at 20° for 30 min, 


the temp then raised to 60 ad ce r bronze (5 g) added. After stirring the mixture at this temp 


for 3 hr, it was poured into 2 mi « NaOH solution and filtered. The filtrate, after removal of 


pyridine, Was cooled al U all | Limpuri - The nitrate, wn Vas aimost 


colourless with a b 


1040 ml, and heated at vit lium hydroxide 4¢)and Rane\ vy (104 ¢ radually added 
during 3 hr * mixture was ther irred on a boiling water-bat r 3 hr, d and filtered. The 
nickel 1 i Wa ictivated wit ite | ar tract with a h he | wn viscous oil, 
obtained after the ret 
alumina The colou 

205-8 /2mm (Found 

4-Methyl-1 :2-benzanthre ydrogenated h arbon (0:44 ¢), 2 

dicyanobenzoquinone ») and 1e ‘ fl i 30 min. More quinone 
was added rel xed | n lite ane Ow hitrate ougn a short column 
of alumina i cica ¥ perc on ( ) I y | \ vnict dissolved 
in aicohol 
brown needies of the | ite crystaill ter tw cryst ition on ne sa ent melted 
at 148° (Found 64 ] ) The 
picrate was decomposed with dilute ammo ind > hvd irbon cryst d fron ohol contain 

ng a little benzene: the [ 
C, 94-2; H, 5-8 


Sulphuric , the | ' if at br int orosulphonic acid (5 ml) was 


equires 


divided 
dye (5 


it was poured 200 ml! of water taining ’ ind filtered n tion obtained alter 


the removal of lin steam distilla f the filtrat ontained ester nding t g of 


ied out by oxidising an aliquot pa sul ite and weighing 


r of the | walit Mayvat brilliant red Al The solution 


containing ester (sodium salt) corresponding to 3-0 g the dye was made up to 500 ml and sodium 


hydroxide (50 g) added ¢ alkal sol as heated on a water-bath and Raney alloy (50 g) 
added in the course of 2 hr r stirring for 2 hr more, the reaction mixture was filtered. The 


nickel was deactivated and extracted wit nzen The benzene extract, after running through a 


i 
E® 
| 
the dye. The estimation was carr 
the precipitated dye.*" 
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‘ “carboxvl carbon”). The work was greatly facilitated by the use of 


slices or 
cell-free extracts of rat | 


iver to prepare cholesterol from radioactive precursors 


sugee old 


hypothesis to whic! lbron. Channon™ and Robinson" had contributed: that 


squalen night be a precursor of cho Bloch then 


that 


squi converted int ‘sterol, in 
the an ot il a rad; ne b osynthesi ed | ace cid 


nd “carboxyl” carbons 


we discer! the pattern (ILI) of 


The next correlation was made when the structure of lanosterol (1V) suggested to 


Woodward and Bloch® that this substance might be an intermediate between squalene 


and cholesterol The hypothesis required that the sc ualene molecule should be folded 


in a manner (V) differing from that proposed’ ‘earlier: and rearrange- 
at least one methyl group during cyclisation was a necessary Consequence 


1949) 


464 (1932) 
jon and K. Bloch, J Chem. 200, 129, 13 


nforth and G. Pop ! 58, 403 (1954) 


m m m m 
: 
CH H CH CH “ls 
The pattern in the side-chain, which was elucidated first, was related by Bloch to 
a theo © af hinevntl » of the rubber hydrocarbon from acetic acid ind this 
lor 
ment ol 
? 1. Bonner and B. Arreguin, Arch. Biochem. Biophys. 21, 109 (IE 
: I. M. Hi on, E. D. Kamm : W. M. Owens, J. Chem. Soc. 1630 (192¢ ‘ 
mnon, B 20. 4 
R. Robins 
*R. G. La (19583) 
Cor 
on 
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The pattern (1) of “methyl” and “cai boxyl” carbons is completely in harmony with 


the pattern (III) in squalene when this mode of cyclisation 1s assumed. Moreover, 


labelling technique enabled Bloch to show'®-!? that squalene is indeed converted 
biosynthetically into lanosterol, and lanosterol into cholesterol. Knowledge of the 
intermediate stages (perhaps ten to twelve in number) between lanosterol and chole- 
sterol is growing rapidly and a complete account may soon be available of the order 
and manner in which the three superfluous methyl groups are (oxidatively) eliminated 


and the change from an 8:24-diene to a 5-ene is effected. 
The stages of biosynthesis between acetic acid and squalene are less well under- 


nd several gaps remain to be filled; but an important advance was made 


stood 
18,19 was discovered" to 


when mevalonic acid (VI), a growth factor for Lactobacilli, 
When mevalonic acid is incubated 


be a highly eflicient precursor ol cholesterol 
with rat-liver homogenate under nitrogen squalene rather than cholesterol is formed,”" 
hen squalene biosynthesised in this way from 2?-4C-mevalonic acid is 
degraded - radioactive carbon is found at only six positions in the molecule (VII). 


and 


[he presumption that SIX 
C. units, each contributed by one n vell supported by 
as carbon dioxide 


osition 2 with @C 


without change of the 


other evidence: the carDoxyl group ol 


during biosynthesis of c 

and at position 5 with tritiun 
ratio: 4 and cholesterol b ynthesised irom nevalonic acid has been 
shown” to carry radioactive carbon at f tions ' which three were identi- 


fied and found to correspond with the | 


, 6210 (1956) 
79. 2647 


Amdur, 
Hel Chim 


R. Riiege 
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but the most probable sequence IS 
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In the proposed mechanism, an hydroxyl cation atta 


in squalene, initiating a concerted reaction which successi 


rhe stereochemistry of lanosterol requires that closure o 
rearrangements of carbonium ions fo! 

Disregarding this refinement 

of 1 : 2-shifts, executed by two 


by expulsion of a proton from ¢ 


appropriate n ethy! 


molecule: groups 


cks a terminal double bond 

vely closes rings A, B and C. 

f ring D be accompanied by 
should be consulted 

> XII). A series 
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ae 
ic 
completes the synthesis of lanosterol (XII 
rt | ne n 
‘ 
and the \ XII) 
( P t he 
SO ad i! u up OUDS 
occurred I CC I 
, 
+ 
cholester: could | nin lo intra- 
mol r | ) cycisal 1i€ O iano- 
ecl 
sterol het rv re t take hy s-shift or by 
intermole ir tran since tl ca sible, 
‘ we were inclined inge the exper ent A result uid distinguisn 
sharply between t and e othe ( . diflere proce e would 
h r) 1] 1 to aistit sh hetw the econd ana third 
have been reat I l 1 
LAI RI ENIA \ ( 
It might appear that the problem could esolved fairly easily by labelling the - 
bie SEES A and B are identical in (XI); neither can be labelled without 
* if th double be XK] Ol satio 
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effectively labelling the other. A more refined approach is to label both the methyl- 
group carbon and the carbon atom to which, during cyclisation, it is supposed to 
migrate; and then to separate from the product (lanosterol o1 cholesterol) a degrada- 
tion product containing both these atoms. However, the symmetry of squalene will 


defeat even this attempt to distinguish between the three mechanisms, so long as the 


final measurement of isotopic content Is expressed as the average for a large number 
of molecules. Only if it were possible to examine the isotopic content of individual 
molecules of the degradation product, that 1s, to count the molecules having two 
toms and those having one and none, could the labelling be so arranged 


mechanisms were distinguishable. This reasoning led to the experiment now 


to be described. The discovery of mevalonic acid as a precursor ol squalene and 
cholesterol enabled us to replace by a simpler procedure our first schemes requiring 
i syvni OF squaienc 
e principle of the experiment can be illustrated by an ideal example. Imagine 
i specimen of mevalol ictone (XV). which is equivalent to the acid in biosynthesis, 
hav OO C at positions + and 4, and 100 C elsewhere. Let this mevalono- 
ic be converted ynthetically into squalene (XVI) Each squalene molecule 
will contain twelve *"¢ tor occupving the p ns indicated: the division into ¢ 
unit wn bv broken line When this squa converted into lanosterol, the 
twelve *°C at vecupy the positions shown in (XVII), irrespective of the mechanisn 
| 
. > 
> 
>. 
>. 
N on diluted by an equa 
( M topic types of squalene 
\ ( re cant 
2, a two labelied ts at the central 
j if | d remaining halt 
typ lintwoeg ly probable 
that ) ol e four type hown on the 
| panied D a doubd 2 snuit 
mec ( types of lanosterol produced will be as shown on the upper 
line of Scheme t there e | 3-shift—mechanism (b)—the four types on the 
lower line of Sc he formed. The C, fragment enclosed by broken lines in 
Scheme when sep ed from the lanosterol or from the cholesterol derived from 
it. will be found to contain equal number! ff doubly-isotopic and non-isotopic 
molecules if mex i) correct: but b echanism (b) half the molecules are 
singly-1sotopic j quarter each are doubly-isotopic and non-isotopic. If the 
meti ‘roup is transferred intermolecularly, the distribution ts the same as for 


gat 
: 
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mechanism (b). The significant difference between (a) and (b) is that (a) is a migra- 


tion within a single C,; unit, and no dilution with non-isotopic mevalonolactone can 


change the certainty of a “C atom becoming attached to another “C atom after 


migration; but when migration is between different units, the chance of two #C 


atoms becoming 
if the isotopic cont 
bustion and mea 
and (b). This woul 
fragment had been measured herefore 
fragment or a suitable derivative in a n 
separate molecules differt 
doubly-isotopic, singly-isotopic and non-isot 

The experiment as forn ulated above would be too difficult in practice. Homo- 
geneous 'C is not available; normal carbor tains 1-1 the biosynthesis 
cannot yet be done without dilution of the isotopic y endogenous end- 
products or intermediates; and the actual separation a fragment containing 
Cig) and C,,,) of cholesterol, although it has been done,” requires more n aterial than 


could easily be made. However, it is possible to obtain the same information by less 
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PARATION CHOLESTEROI 
le into cholesterol, a cell-free preparation 
echnique which reduced the proportion of 
proportion of newly biosynthesised 
was much larger than usual and the enzymes 
ble by repeated addition of co-factors. The 
as the digitonide, and recrystallised 


Purification through the dibromide, 


pted, for the presence of other digitonin- 


precipitabl ids, even in large ; int, could not affect the main calculations 


[wo specimens of cholesterol, hay different degrees of dilution by endogenous 


material 


DEGRADATION OI C-CHOLESTEROI 


Chromic oxidation of cholesterol can give acetic acid from four positions. The 
acetic acid are supplied by Cro), and and 

ANd or respectively (see Scheme 3) 

in mevalonolacione giving rise to the different types 


are correlated in Table 1. It can be seen that only one ty pe of acetic 


( of cholesterol, has excess “C in its carboxyl groups 
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TABLE |. ORIGIN OF CARBON ATOMS IN ACETIC ACID FROM OXIDATION OF CHOLESTERO! 


} 
Position in wilesterol Position 


OV 


tic acid is measured 
and divided by the ‘ at a labelled ( tion in mevalonolactone (diluted or 
undiluted), the quotient ts the proportion of etic a molecules originating from 
( C,,, of the lactone. If the total ’ iten the acetic acid is also known by 
combustion and measurement of the carbon dioxide content of the methy! 
groups, and thence the proportion of acetic acid ecul riginating from (¢ 
( of the lactone, can be calculate hi ‘asoning d the experimental 
procedure 
lo minimize the possibility of rearrangemen *thyl groups during oxidation, 
the ordinary Kuhn—Roth technique” using chromic and sulphuric acids was avoided. 
[he isotopic cholesterol was stirred with boiling aqueous chromic acid until it dis- 


solved; phosphoric icid and water were then added and the acetic acid was distilled 


by repeated evaporation This is an adaptation of a method described*? by Kuhn 


| | 74 


and L’Orsa. Between 2-8 and 3 molecules of acetic acid (70-75 of theory) were 
obtained from each molecule of cholesterol. The acid was isolated as silver acetate 
Normal cholesterol was treated in the same way to provide the bases for determining 
excess Ol ISOLOpIC species 

Some of the silver acetate was treat ine in carbon tetrachloride and 
the carbon dioxide evolved was isolated as ium carbonate. This method of degra- 
dation was preferred since the only oxygen in the reaction mixture Is present in the 
carboxylate groups and no carbon dioxide could possibly be formed from methyl! 
groups 

Another part of the silver acetate was burned to provide carbon dioxide repre- 
senting the total carbon. The remainder was used for mass spectrometry 

Cholesterol from 4-'C-mevalonolactone was also oxidised and the silver acetate 
was treated as above to obtain barium carbonate representing (a) carboxyl groups 
and (b) total carbon. The radioactivity of (b) was, within experimental error, one- 
half that of (a). Specimens of cholesterol from 3’:4-'%C,-mevalonolactone and from 
4-4C-mevalonolactone were also burned, and the carbon dioxide was assayed for ’C 
and “C respectively. Hence the excess of isotope at each “labelled” position in the 
cholesterol could be calculated, assuming 10 labelled positions for cholesterol from 
the "C-lactone (cf. Scheme 3) and 6 for the “C-lactone. The proportion of the total 


* R. Kuhn and H. Roth, Ber. Disch. Chem. Ges. 66, 1274 (1933). 
7 R. Kuhn and F. L’Orsa, Z. Angew. Chem. 44, 847 (1931). 
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isotopic C, units during synthesis of mevalonolactone; there is also an implicit 
assumption that isotopic and normal molecules are used at random for biosynthesis 
of squalene. In addition, the calculation for mechanism (b) assumes that no further 
dilution of the mevalonolactone by endogenous intermediates occurs during bio- 
synthesis of squalene; this assumption is not necessarily true. If such dilution does 
take place, the calculated value for “C,-acetic acid would be still lower and the value 
for 43C,-acetic acid higher. The calculated values for mechanism (a) would be com- 
pletely unaffected. 


Taste 2. OBSERVED 


Experiment 


The experiment 
between observed 
conclusion followu 
cholesterol from 
acid, a carbon ; originating from position 3° of the lactone 
atom originating n sition 4 he same molecule of lactone 
the migration, wl it took place, was an int molecular | :2 
If the rearra ment which undoubtedly, 
squalene had taken pla by 1 hanism (b). 
by further rearrangement during oxidation, 
experimental figures by except assuming tl 
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A second possibility is that rearrangen luring ‘lisation of squa 
lanosterol takes place by mechanism (b) but is followed by intramolecular 
ment during demethylation of lanosterol to chol ‘rol, the 
migrating to Cy, But this methyl group would have to cross fron 


-side of the molecule during an intramolecular rearrangement, 


improbable. The same objection applies to an exchange of metl 


sterol itself 

A third possibility is that squalene cyclises by a mechanism of type (b) to give not 
lanosterol but a 13:14 isomer, and that this rearranges, with exchange of methy] 
groups, to lanosterol. However, it is difficult to imagine a mec 
exchange: nor is there evidence to suggest that any intermediate substance intervenes 
between squalene and lanosterol 
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Thus an intramolecular 1: 2 shift according to mechanism (a) during cyclisation 


of squalene to lanosterol appears to be the only mechanism which needs no improb- 


able assumptions to explain the results 
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b.p. 40°/0-1 mm. A product obtained similarly from normal 3-oxobutanol had an 
infra-red spectrum almost identical with that of 3-oxobutyl acetate prepared as 
described below: the spectrum in the carbonyl region indicated a small amount of 
impurity (diketen ?). 

3-Hydroxy-3-methylpentano-5-lactone (mevalonolactone). Normal 3-oxobutyl ace- 
tate was prepared by heating methyl vinyl ketone (35 g), acetic acid (150 ml) and 
water (1 drop) overnight under reflux. Fractionation gave recovered ketone and 
acid and 3-oxobutyl acetate (28-6 44°), b.p. 78-84°/15 mm, which was freed 
from traces of acetic acid as described previously.*! The infra-red spectrum was 
identical with that of an authentic specimen (made by acetylation of 3-oxobutanol 
with acetic anhydride). This process is an improvement on a patented procedure.” 

3-Oxobutyl acetate (26 g) and dry ether (20 ml) were cooled (bath at —30°) and 
boron trifluoride etherate (0-6 ml) was added. Keten (slightly over | equiv.) was 
passed and the mixture was then left at —-25° for 2 hr; some crystallisation usually 
occurred. The mixture was added, with the aid of more ether, to N methanolic 
potassium hydroxide (600 ml) cooled to —-15°. The solution was kept overnight at 
room temperature, then neutralised (phenol red) by methanolic hydrogen chloride 
and evaporated at low pressure. The residue after washing with ether and chloroform 
was treated with methanol and then with sufficient methanolic hydrogen chloride to 
bring the total added to the equivalent of 592-4 ml of N (7-6 ml of N alkali is con- 


sumed by 0-6 ml boron trifluoride etherate). Potassium chloride was removed by 


filtration and the product, recovered by evaporation at low pressure, was extracted 


by chloroform. The filtered chloroform solution was distilled to give 249g; b.p 
110°/0-01 mm. This contained a small amount of $/-hydroxyisovaleric acid, since the 
keten was prepared as usual by pyrolysis of acetone 

the gas stream even though it had passed through a tra 
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the yellow colour of the reagent persisted 
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The mixture was heated (bath 80°) for 14 hr then extracted with light petroleum 


The extracted material in acetone (0-5 ml) was treated with digitonin solution (2 ml) 
and N HCI (6 drops). The digitonides were prepared for counting as before ( Table 3) 

Thus a total of 7 n of mevalonolactone had been incorporated into 
cholesterol in flask 3 which had two additions of cofactor Since the theore- 

al maximum f1 noles pi-l eis pr 5 les, this procedure 
was CONnSKIC 
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The recrystallised material (“‘less dilute’ cholesterol) was used in 


the same way 


Exp. Il 
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Cholesterol was prepared from 4-'C-mevalonolactone in the same way. 


sortion (10-5 mg) of the product was mixed with purified cholesterol (76-9 mg) and 


the whole recrystallised from methanol to give 69 mg 
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(iv) Silver acetate from oxidation 
(Found: Ag 64-3",) 


of cholesterol from 4-'*C-mevalonolactone 


(v) Silver acetate from oxidation of cholesterol from 2-“C-3':4-"C,-mevalono- 
lactone (Exp. 1) 

(vi) As (v) (Exp. II) 

(vii) Cholesterol from 4-'C-mevalonolactone 
(vil) Ch ‘rol from 2 
(ix) As (\ i) (Exp Il) 

(x) 3°:4-'% 
(xi) Normal 


»-mevalonolactone (Exp. 1) 


vevalonolactone (as synthesised) 


nected to two 


) 
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ntroduced qt 


it 40-50 


2 hr, the 


tube wa determined 

Six specimens 

(i) Acetic acid rol(Exp. 1); m.p 

(ii) Acetic acid from oxidation of “le ilute’’ chol rol (Exp. IT) 
15-5 

(iii) Acetic acid from normal cholesterol: 


(iv) Synthetic °C acetic acid (undiluted) 


330 
Degradation of siiver acetate A small flask fitted with a bubbler tube, side-tube, . 
drv-ice condense! and magnetic stirre Wiis charged vith silver acetate (ca ull 
swept out with dry, CO,-free nitrogen, and baryta bubblers pre- 
pared as above The gas stream was regulated, the condenser was cooled to 0) y 
and bromine HEE in carbon tetrachloride (1 ml), both dried over phosphoric lat 
oxide, was (MEBickly through the side-tube. The mixture was then stirred cee 
> the } nat 1] 
ind heated SNM’ for 2 hr. The ba carbo as collected as described ee 
above: in general its we it was slightly less than that of the silver acetate (70-80 Da ean 
yields) 
he pecimens degraded in t wav were 
(i) Silver acetate from cholesterol from 4-"C-mevalonolactone ieee: 
(ii) Silver acetate fro C-"C-cholesterol (Exp. 1) ey 
(ini) As (11) (Exp. IT) 
thick avers O! cn porytinel disks by ea a thin-mica-window 
‘ 
Geiger—Miller counter nd cou I ’ ; continued sufficiently long to reduce the 
Standard error « the cou el 
a a nate spe [he specimens were dec ymposed in 
Rittenber tubes Dy O.-Irec aroc lor icid nd the carbon dio Vas 
Prep ISS Specti lhe apparatu hown in Fig. | 
\ and B » ‘ cel (44 45 ) Was troduced into e flask A whic is then 
evacuated and dried. The tube B, which co ned little phosphorus pentoxide 
was filled th di vd 1 ¢ ride at al spheric pressure b eans 1 glass 
pri be inserted t ou the stopcock to the botto ot the tube lube B then contained 
slightly less than | e nt of hydrogen chloride. The hydrogen chloride was : 
| transferred by vac technique, uUuSsII liquid air, to the flask A, whic was 
sealed and detached at the constriction The flask was then heated in boiling water, 
when acetic acid dist ed to the capillary side-tube He itins was continued [for 
WEE. acetic acid being occasionally driven back into the flask. Finally the capillary 
p. 
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(v) (iv), diluted 1 : 14-1 with normal material. 

(vi), (iv), diluted | : 24 with normal material 

Mass spectrometry of acetic acid. The spectrometer used was a 60° instrument 
with Nier type ion source. lonising potential was 70 V and accelerating potential 
1620 V for mass 60. The special inlet is shown in Fig. 1, C. A capillary tube contain- 


ing acetic acid, prepared as above, was opened at both ends and the liquid was 


touched with a 


The reservou 


end and introduced connected to the 
spectrometer at The ealed ; placed around 
the U-tube. As al as remove he spect ter through the pinhole leak at f, 
far as possible into the spectrome ace acid distilled into the 


which projected a 


U-tube. When evacuation wa ympiete 3] , tne OI bath was replaced by 


a Dewar flask containing water at a temperature w! a ‘d acetic acid vapour to 
enter the spectromete! Measurements 
were then made at masses and 62 and we! ontinued at intervals during that 
day and the next day. When the prev! 1s not too different in composition, 
values became constant after several hou ut only the second day’s readings were 
used. After a determination, the whole inle ned in hot air to expel adsorbed 
acetic acid. The horizontal tube was then opened, the constrictions at g preventing 


dust and fragments of glass from reaching the p nhole 
The first inlet designed used a sintered glass valve sealed by mercury 3 This was 


found unsatisfactory because of the tendency of acetic acid to accumulate (perhaps 


partly as metallic acetates) in the sintered glass 


The six acetic acid specimens prepared as above were measured 


Tavior and W. S. Young, /ndusi nenge. Chem. (Anal.) 17, 811 (1945) 
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| 
la litt 1 (1-2 mg) had been transferred 
EE finer capillary until a little acetic acid (1-. had bee : 
| ed 1 resealed. The smaller capillary was sealed at one 
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CALCULATIONS 


The normal isotopic abundances assumed in the following calculations are: 
0-037 D. 0-016 


netric readings 


ple, and (| v) the proportion of the 
45 (ratio Rid flers rhtly from (| 
isotopes differential 


the presence 
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a ae {tro nor a cholesterol (sec lable 6) does not differ 
; | Mi B 4 ) 
( 
( ( ( 
‘ ‘ ‘ 
= 
\1 Hat ©) 
«) ‘ 64 0-02449 439 
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materially from that found for other “normal” specimens of carbon dioxide in this 


spectrometer, we set the °C content of this carbon dioxide at 1-11 ‘ 


value 1:225°% found by applying the formula R = (1 x)/x 


instead of the 


The correction, 


0-115°4, assumed to represent the sources of error mentioned above, is applied to the 


other values of x calculated from the same formula 


atom ° excess !°C of the last two columns in Table 6 are derived 


(2) 3C Content of the methyl group in synthetic “CH,CO,H 


(a) By combustion 


group 1s associated with a normal carboxy] 


methyl group is twice that ol the CO, from combustion 


methy! group 
From (1): 2 tent 0-011 
From (iti): 2 15 nit 0-511 
From (iv) content 0-519 


(b) By direct me ement he a in Table 7, nos. (1), ( 


-CH."CO.H molecules 


} 


Thence the C contents and 


In specimens (ii), (iii) and (iv) of Table 6, the labelled methyl 
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Ol] 
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0-O15 


2 
333 
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| : (ii), were 
Tar ACETI SPECIMENS I H MASS PECTROM ER 3 
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N Sampk M 60 Mass 6! Mass 62 
) CH.CO.H 1) 15.9 S4 Not included 
CH .CO.H ) ( j 
) CH.CO.H | »4) 4-9 1-55 )-4 
) CH.CO.H 5-4 0-66¢ 
CH.CO.H »-49 ()-4 
obtained by direct measurement. To derive the “°C content of the ethyl group from 
(ii) and (it), the following procedure 1s use¢ The ESS 
in (ii) is 3°36 and in is 2°06 B n iater | 
(&)) the effects of redistribution of *°O, *‘O and D are det ned us, the __ 
of °C,-acetic acid in (11) is found to be 3-3 0-0. 3-38, and in ( 2-06 m7 
>-75 Then from (1). the undiluted etic ack A 
Si } 4 
Now if x be the proportion of ( | | roup of tne ndituted acetic 
acid. then the proportion of *CH.'*CO,H n cu , 
1] 4 
ind of . 
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Since the acetic acid from which the 3-oxobutyl acetate was 


s also the degree ol 
was therefore diluted 
e conversion into 


before bio- 


no ecules originate 


The carboxy 


group 


acetic ac 


- 335 
o aton excess °C. 
oe made contained 51:5 atom excess C in its methyl group, thi 
labelling al posit on 2 and 4 ol the oxoputvi acetate. which \ 
with [(51-5/24-816) 1-075 parts of normal material belo 
syntl (1s f dded to 524 mg) gives the evalonolactone used in 
biosynthesis t compositi« 
| part “undiluted mevalonolactotr (i. d undiluted 3-oxobutyl 
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(4 d a 
Exp. 24-0 | (0-92 = 9-68 
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> 
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lar . 
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. 
|. Of the contained 0-562 atom excess 
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SC. and the total carbon (methv! carboxyl) contained 0-889 atom 


[Table 6; (viii) and (x)]. Then if x is the °, excess "C in the methyl group. 


362 
0-889. 


~ 


hence x 1-416 


Now since 
ol the acetic 
tributes 0-36. 


.4 
1-054 


10.000 


icid 
carboxy! rroups 
ven in Section 
10.000 ar i ‘CO.H and 
icid origina } é of the undiluted 
rbon (5 iton i normal carbon 
ns a proportion (0-526 O-OLLIL) 
0-526)] C,-acetic acid 
0 are “C,-aceti id and 15,300 are “C,-acetic 
acid: I 187% c and 16,865 are C,-acetic 
acid 
Then in Exy a total of 39,120 molecules contains 2937 molecules of “C.- 
acetic acid and 20,: olecul “C,-acetic, against a normal abundance of 


5 
and 859 molecules respectivel In Exp. II, a total of 42,100 molecules contains 2954 


| 
exce 
» of cholesterol contributes 0-362 excess “C to the carboxyl group mes 
id, ¢ whic s attached to it and 1s also a labelled position, con- eee 
CACC vi oul e remainin 1-416 46. 
1S supplied DY acetic acid natit irom Tr POSITIONS. 1.e from 
‘ ( of mevalonolac Hence 054/0-3%6 times many moiecuies of 
celtic acid OF ite Irom ( of mevalonolactone as from (¢ ( 
Exp. Ul. Here 
: 1-339 
ind the rat ou 
0-514 
excess “C (Exp. Il) bon roup. Since the undiluted mevalonolactone 
contained ° itor p tio! t TOHOV (nat a ti won 
1) (I \} Il) ot the to acetic acid lad a irboxy! 
group d d ( of t undiluted lactor That out of each 1.427.700 
| (Exp. I) 1,900 (Exp. 1 ecules of the total acetic acid, If inate from 
( ( und ctone. Out of t e tot inother 2-9]? 
20 (Exp. I), o ALL 210 32,100 (Exp. Il) molecules from 
( 4 Ol the undiluted lactone 
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molecules of “C,-acetic acid and 21,851 of “C,-acetic acid, against a normal abun- 


dance of 5 and 924 respectively. The rest of the acetic acid in each specimen is normal 


with respect to Thus in the total acetic acid of Exp. I, 1,422,700 molecules 


contain 2932 molecules of “C,-acetic acid and 19,427 molecules of “C, acetic acid 


above normal; in Exp. II, 1,001,900 molecules contain 2949 molecules of “C,-acetic 


and 20,927 molecules of °C,-acetic acid above normal. Thus the expected propor- 


tions by mechanism (a) are 


excess C,-acetic acid excess C,-acetic acid 
1-37 0-206 


Exp. | 
xp 2-09 ()-294 


VUechanism (b). If the rearrangement of methy! 


the calculation must be based on the diluted mevalonolactone 


groups is by mechanism (b) or by 


ntermolecular transtet 


sample of 1,422,700 molecules (Exp. 1) or 1,001,900 


used in biosynthesis. Since eac 


rn 


molecules (Exp Il) of the acetic acid contains 10,000 molecules containing C,,, of 


the undiluted lactone, then each contains 21,500 [Section (3)] molecules containing 
C,,, of the diluted lactone. Since the *C content at a labelled position in this lactone 
is 24-0 I+] 25-1°. [Section (4)], these 21,500 molecules contain 5397 molecules 
vith a *°C-carbo» roup. Now these 21,500 molecules have been supplied with 


5397 with a 


($397/9] 355. and of ( 


21.500) 


lactone can be taken as calculated from mechanism (a), since for them dilution before 
biosvnthesis is immaterial Thus in totals of 21,500 29.120 50.620 molecules 
(Exp. I) or 21,500 32.100 53.600 mol les (Exp. IL) of labelled acetic acid there 


nolecules oO! ( -acetic acid and SOS4 ia 300 23,384 
molecules of C,-acetic acid (Exp. I), or 1355 Is 1542 molecules of *°C.,-acetic 
acid and 8084 16.865 24,949 molecu of C,-acetic acid (Exp. Il). Normal 
abundances for the 50,620 molecules ( Xp 1) al nolecules ol ,-acetic cid 

le ( §3.600 1 les (Exp. 6 molecules 
and if MOlCUICS O ACIC if OICCUIK noiec 
j 499 °7 

ol ( celtic acid na | 6 Ol (.-acetic acid Th the wnole sampie oO 1.422, /00 


Orecuies xp 1) la n olecu ol ( -acelic aci« ind bod O] ,-acetic 

acid above normal: the sample of 1,001,900 molecules (Exp. I1) has 1536 molecules 

of C.-acetic acid and 23 5 ,-acetic acid wove I Thus the expected 


proportions by mechanism (b) are 


Exp. | 
Exp. Il 


(8) Proportions of “C.,-acetic acid and “C,-acetic acid, caiculated from proportions of 


mass 61 and mass 62 found by mass spectrometr) 


it has already been deduced (Section (2)) that isotope effects during fragmentation 


acetic acid 


cause C,-acetic acid to be over-represented to the extent of 2”, and *( 


In addition. a correction must be made for the altered distribu- 


to twice this extent 


1 isotopes in acetic acid containing excess @C. Most of 
I 


tion of oxygen and hydroger 


ial 
; 
methy! groups from 21.500 other molecules Of diluted tactone, inciudall 
13C-methyl group. Thus the number of *’°C,-acetic acid molecules present 1s 559 
- acetic acid molecules 2 539 (21,500 — 5397) 
Ce a f molecules of acetic acid from ¢ C,., of mevalono- 
CACOSS | etic acid EXCESS AaCelic acid 
1-57 0-107 4 
0-153 
4 + 
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In normal acetic acid, nearly all the 62 peak is formed 


this correction is due to *O 
some of the '%O is 


by CH.C'*OOH ions, but if the acetic acid contains extra °C 
present in molecules of mass 63 
10° molecules of normal acetic acid. These contain 21,954 molecules 


Consider 
atom, 123 (0-O0111 10°) with 


00111 0-9889 10°) with one 


two and 977,923 with none. The oxygen and hydrogen isotopes will be distributed 


three groups. Of the 4000 '*O atoms, 89 are in ““C,-acetic acid and 


among t 
3899 in © 2CIO"OH. Of the 740 'O atoms, 16 are in “C,-acetic acid and 723 


-CH.@=CV’O"OH. Of the 640 D atoms, 14 are in “C,-acetic acid and 621 in 


ol 


are in 
‘-CH,D"C"O.,H or “CH O,D. Other species are negligible. The number 


mass OU. Le ( H ( ts 


molecules ol 


otal 999 91 | 


Thus a specimen col Lain (.-acetic acid and 1-40 excess 
;-acelic acid would sh« spectron eter 1-39 excess mass 61 and 
0-196 excess mass 62 provided that relative pe ik heights accurately represented 


relative numbers of molecules. But actually, C,-acetic acid would be over-represented 


by 2”,, and “C,-acetic acid by 4", so that the observed percentages would be 1-42 
and 0-204 respectively. Similarly it can be shown that for a specimen containing 


0-300", excess "C,-acetic acid and 2:10°,, C,-acetic acid (the approximate figures 


977.993 3899 723 97) 680 : 
Ihe number of molecules of ass 61. CH."C*O.H 
Ihe number of moleculk of iss 62 CH.“C*O.N 
CH,"@C"O"OH CH,"C"O0"OH CH,D™C"O,H CH,D"C"O,H 
2 
3K99 16 14 1052 
6) 6? 0-405 
If the ICeLiC Tee conta ( ICC LIC cid DOVE NOT! il and 
cetic acid above nor l ppro. it res tor Exp. I), there are in 10° mole- 
Cu molecuk tic acid gd 2123 « ( iwcetic acid The numbers 
of molecuk ol j 60. 61 and 62. « culat hy re 
Ma 6] 37 O63 Total 999.849 
Ma 62 
6] 62 — 

te 
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for Exp. II) the observed percentage excess for mass 61 would be 2-14 and for mass 
62 0-306. 

These corrections are now applied to the experimental values for acetic acid from 
Exp. I and II (Table 8). 


TABLE 8. RELATION OF PEAK HEIGH O PROPORTION OF '*C SPECIES IN MASS SPE¢ 


- 
2 
- 
ROMETRY OF 
Exp eXce iS eX¢ C.- EXCESS | excess 
62 Te cid 6] cetic acid 
I 0-214 0-210 1-42 1-40 
0-291 0-285 2-11 2-08 
Use {cknowledgement—O ecial thanks are due to Mr. G. Dickinson fo nass-ratio measurements. 
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ELECTRONIC SPECTRA OF ORGANIC MOLECULES AND 
THEIR INTERPRETATION—V* 


EFFECT OF TERMINAL GROUPS CONTAINING 
MULTIPLE BONDS ON THE K-BANDS 
OF CONJUGATED SYSTEMS 


4. BurAwoy and J. P. Critcui 


Manchester College of Science and Techn 


Abstract 


rated) systems on 


tical 


INTRODUCTION 


AN EARLIER ana numerous properties of ganic molecules has led to the 


conclusion that the: ylecu are built up of localised bonds (orbitals) and that the 
constitutive charges these bonds are due modifications of effective nuclear 
charges and invols luctive electron displ: nents only More recently* it has 
been shown that on aSIS a gualit itive, but very detailed understanding ol all 
observations relat tronic spectra of organic molecules becomes possible, 
if the electronic pertu ons in excited states (due to wave-mechanical resonance in 


Heisenberg’s original sense) are lered 


Evidence has been giv 6 that the electron migration in one direction along an 


absorbing electron migration) determines the 


stability of the excited state corresponding to a K-band. This state can be represented 


as a “hybrid” of interacting unperturbed excited states each involving one excited 
electron 

It has been suggested* to express this, for convenience, by one simplifying formula 
only such as (1), in which each arrow corresponds to the excited electron of one 


unperturbed excited state and also indicates the direction of the electron migration 


p. 73. Desoer, Liege (1947-48) 
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n 4, 403 (1958) 


fae: 
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EE —The investigation of the effect of terminal groups of absorbing (conju eae 
ite” the corresponding K-b s extended t cor ple bonds. A consistent theoreliill ae 
Sar in the excited state ‘ Heisenbe es ce nd the view that organic molecules are bu up pee 
the expe enta ely n cor conc ons ed t hy athe- 
stat the ite et rive ved transition characteristic for all 
K-bands) 
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(on one side of the nodal plane formed) in phase with the effective charge migration 
of the observed transition. (There is, of course, no intention to attach any importance 
to the formulation itself.) 


| 


A>-|CH~ CH| 


A K-band is displaced to longer wavelengths by any structural modification 
which increases the polarisability of the electrons in the absorbing system, i.e. the 
stability (of the part-orbitals in phase with the effective electron migration) of the 
corresponding unperturbed excited states. This may be due either to an electron-shift 
in the ground state coinciding with the direction of the effective charg> migration of 
the transition, which may be caused e.g. by a change of a terminal group or of the 
solvent, or to a replacement of a bond or group (electronic unit) by a more strongly 
polarisable one 

Che discussion of the effect of terminal methyl groups,’ substituted methyl groups* 


and atoms with lone electron pairs.” of absorbing systems such as (1) on the position 
of the corresponding K-bands is now extended to the effect of terminal groups 
containing multiple bonds (1, A or B: CH=-CH,, CH=NMe, NO=0O, 


C=CH, C=N) 


MONOSUBSTITUTED BENZENE DERIVATIVES 
Data for the maxima and intensities of the K-bands of benzene, styrene, N-methyl- 
benzaldimide, benzaldehyde, nitrobenzene, phenylacetylene and phenylcyanide in 
hexane and ethanol solution, as well as the displacements (D) of the benzene K-band 
(appearing at 2020-2030 A in various solvents) on introduction of the substituents, are 
shown in Table |. The effective electron migration of the transition corresponding to 
the K-band (observed at longest wavelengths) of these compounds is towards the 


substituent as indicated by a long arrow tn (11) 


(X : CH=CH,, CH=NMe, NO=O, C=CH, C=N) II 


> 
(a) ivrene, hay aldimide hen: alde hyde nitrobenze 

The displacements to longer wavelengths of the K-band of benzene in hexane 
solution (~2020 A) decrease in the order of substituents CH==-CH, (D, 430 A) 
CH=NMe (D, 398 A) CH--O (D, 388 A), although the polarity and electron- 
attracting power of these groups increases in the given order. In these simple com- 
pounds, the moderate bathochromic effect to be expected from the electron-shifts in 
the substituted phenyl group (on introduction of the electron-attracting CH==-NMe 
and CH=-O groups) is completely masked by the effect of the electron polarisability 
increasing in the reversed order —CH=-O CH=NMe CH—CH,.® 

However, in more polar solvents and on substitution of other systems (cf. below) 
the relative importance of these two factors as well as the order of the polarisability 
of these groups may undergo appreciable chang:s. Thus, solvent-solute interactions 
on replacement of hexane by the more polar ethanol as solvent are responsible (in 
the ground state) for electron-shifts within the absorbing systems. These shifts are 


26-000)’ than 


K. Bowden, I 


. 
a 
I 
L Jn 
= 
* Similarly, 1-methyibutadiene absorbs in hexane at longer wavelengths (4, 2240 A: ¢, EEE ) 
crotonaldehyde (A, 2190 A 1300) 
A. Braude and E. R. H. Jones, J. Chem. Soc. 948 (1946) 
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in the more pol: 


342 
negligible in the only slightly polar styrene, appreciable N-methyl 
ber hig venzaldehyde and result in increa @isplace nents of 
+3 he K-bands in 1 ler. 1 positions are now almost identical for all — 
This ef reater on addition of a proton to N-methylbenzaldimide and 
centrated sulphuric acid I he 
toru agstol rer Wave! gin 
cicc 
group l-@OH gro ired 
4 \ \ 
ry 
K d 
N ( 
| 
‘ 
( CH d 
( . i 
= = 
resp ib CH—CH, and CH-—NMe group 
i CSP 
(40 er groups gly electron-attracting 
R t of hes s solvent has only a negligible effect (~S A) 
on the p n of t K-b i tem of both phenylacetyiene d phenyl! nide, in 
spit iT ) these cule Ih ngi ili ctiect 
te indicat that hifts in the ground state of the triple bonds, Le 
electri m polal iris from these clectro! shifts are negligible (for giscussion, 
see Dclow) 
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ble 1—continued 


Ooo 24-000 14-000 


22 13 


DERIVATIVES 


D ANII 


Data for the maxima of 1 K-bands of aniline and its derivatives substituted in 


the para position by the CH=-CH... CH=N Me, CH=O0, NO=0Q, ¢ CH and ¢ N 
displacements (D) of the maxima on introduction 


of these substituents. and the differences of the displacements observed in the benzene 


series and the aniline series (D*) are shown in the second column of Table |. The 
effective electron migration is directed, as in the benzene derivatives, towards the 
substituent as indicated by the long arrow in (IV) 


CH—NMe. NO=0O, C=CH, (¢ N) TV 


The displacements (D) of the K-band of aniline (2340 A in hexane; 2344 A in 
ethanol) to longer wavelengths on introduction of the CH=-CH, and C=CH sub- 


stituents are slightly smaller, but on introduction of the more polar CH=-NMe, 


CHO, NO—0O and (¢ N substituents are considerably greater than those observed 


in the benzene series. The differences in the displacements (D*) increase with the 


electron-attracting character of the substituents, i.e. in the order CH=-CH, (—42 A 


Monatsh. Chem. 68, 326 (1936) 


'H. B. Klevens and J. R. Platt, Tech Report. Part 1. Office of Naval Research (1953-54); Chem 
Rev. 41, 301 (1947); J. Chem. Ph 16, 832 (1948) 

?W. M. Schubert. J. M. Craven, H. Steadly and J. Robins, J. Org. Chem 22, 1285 (1957) 
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in hexane; 3A in ethanol) < CH==NMe (+30: +226 A) < (+227: 
551 A) < NO=O (+370; +816 A) and C=CH (—68; —12 A) < C=N (+41; 
211 A). It will also be observed that this effect is considerably greater in ethanol 
than in the unpolar hexane as solvent. 

The band displacements (D) coincide in the aniline series more closely with the 
polarity of the absorbing molecules. Thus, in hexane solution, the K-bands are 
displaced to longer wavelengths in the order p-aminostyrene (2728 A) < p-amino-N- 
methylbenzaldimide (2768 A) p-aminobenzaldehyde (2955 A) p-nitroaniline 


(3203 A) and the differences are even greater for ethanolic solutions (2770, 2990, 
3315 and 3725 A respectively) 

Similarly, whereas the K-band of phenylcyanide (2245 A in hexane; 2250 A in 
ethanol) appears at much shorter wavelengths than that of phenylacetylene (2398 and 
2395 A respectively), p-aminophenylcyanide absorbs in hexane at only slightly shorter 
wavelengths (2610 A) and in ethanol at considerably longer wavelengths (2775 A) 
than p-aminophenylacetylene (2650 and 2697 A respectively). Again, whereas the 
K-band of styrene (2450 A in hexane and 2453 4 in ethanol) appears at considerably 
longer wavelengths than that of phenylcyanide (2245 and 2250 A respectively), the 
positions of the K-bands of the corresponding aniline derivatives in ethanol are 
almost identical (2770 and 2775 A respectively) 

These observations are accounted for by the consideration of two factors 
(i) The terminal electron-repelling amino group and the electron-attracting sub- 
stituents (IV. X) are responsible for (reinforced) electron-shifts within the aniline 
derivatives, i.e. the polarities of the terminal groups will be considerably greater than 
benzene derivatives C,H,;—X respectively.* The electron 
substituents 


those in aniline and in the 
shifts become more pronounced as the electron-attracting power ol the 
(IV, X) increases and as hexane is replaced by the more polar (and possibly hydrogen- 
bonding) ethanol. They coincide with the direction of the effective charge migration 
of the transition and, thus, are responsible for increased electron polarisabilities and 
the resulting displacements of the K-bands to longer wavelengths 


(ii) In absence of any change in the polarity of the substituted absorbing system, 


the stabilisation of the normal excited state which results from the perturbation (in 


the excited state) by the electronic system of any substituent, decreases as the length 


(the number of electrons or possibly the polarisability) of the substituted system 


increases. This is a generalisation of the well-known fact that the red-shift of a 
K-band on replacement of a terminal C—H group by the more strongly polarisable 
C—CH=CH, group decreases as the substituted absorbing (conjugated) system is 
lengthened. For the same reason, this effect is smaller on introduction of a sub- 
stituent into the para position of aniline than into benzene 


This factor will tend to reduce somewhat the discussed bathochromic band 


displacements to be expected from the increased polarity of the p-aniline derivatives 
and accounts for the negative values of D* observed for the least polar p-amino- 


styrene and p-aminophenylacetylene. A more systematic investigation and discussion 


of this matter will be given in the next communication of this series. 

It is noteworthy that the negative value of D* is greater for the K-band of p-amino- 
phenylacetylene (— 68 A in hexane; 12 A in ethanol) than for the K-band of the 
* Thisis generally attributed to increased contributions of polar structures such as H,N=-C,H,-=-CH—O 


but are considered by us to involve inductive electron displacements only 


4 = 
: 
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less polar p-aminostyrene (—42; +3 A) and that the values of D* for p-aminophenyl- 
211 A) and p-amino-N-methylbenzaldimide (-+-30; 226 A) are 


it polarity of the former. Moreover, the bathochromic 


cyanide 
displa ‘ni n rey lac ng i ine by ethanol as solvent ts of the same order for the 
ibstances (47 and 42 A respectively) and considerably 

more polar p-aminophenylcyanide (165 A) than for 

de (222 A). These observations again 


shifts in the ground state are either smaller 


| > j 
creases of their electron polarisabilities (for 


NITROBENZENE DERIVATIVES 
of nitrobenzene and its para- 
lacements (D) on introduc- 
The 
is towards the 


and 


A) 
K-band of p-nitro- 


than that of nitro- 


in the 


towards 


yl group in 
However, it 
both solvents slightly smaller than t 
A). As already explained in discussing 


reased) electron polarisability of the vinyl 


reduced perturbation effect on substitution 


> as compared with that of benzene 
n all other investigated nitro- 
n-attracting character. The polarity of these 
nitrobenzene itself and, thus, the displacements 
these substituents are smaller in ethanol than in 

hexan 
The rapid decrease of the band displacements in the order of the electron-attracting 
power of the substituents is due partly to a decreasing electron polarisability of the 
substituents towards the p-nitrophenyl group and partly to increasing electron-shifts 


in the substituted O, N—C,H,— system towards the substituent, i.e. in the direction 


: 
4 
indicate that in triple bonds the clectron- iii ae 
oe or at least are responsible for smaller 1 ae 
discussion, see below) a 
PARA-SUBSTITUTED 
= Data for the maxima and inten 
nit to the penzene and aniline derivatives the double 
tripl ded tuents are now electron-donating terminal groups [see (V)] yea. 
X: CH—CH., CH=NMe, CHO, NO—0, C=CH, C=N) \ 
Ihe displac ents (1) to lengths on introduction of the substituents 
xX be! th observed in the benzene series 
ind fall rapidly in the order CH=CH, (+382 A in hexane 415A in ethanol) 
CH=NMe (+-2 05 A) > CH—O(+-72 0 A) > N 
and CH \) ( N (+1 OA). The 
ph de et Te) ne at shorter wavelengths 
( 
, | ostyrene, the nitro group is responsible for an electron-shift 
C—CH=—CH, group which resul crease of electron polarisability i777”! 
the benzene ring and confers a slightly electron-repelling character to the vinyl group 
= Ihe g polarity ol trostyrene as Compared with nitrobenzene accounts for 
a the shig larger displac it of the K-bar 
the 1 e polar ethar D 415 A) thar 
should ted that this displacement i 
4 obse! } the K-D d of stvrene (430: 42 
p-aminostyrene, tl fect due to the ( nC i 
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opposite to that of the effective charge migration of the transition. These contribu- 


tions cannot be easily separated. 


ORIGIN OF THE 2000A AND 1800A BAND SYSTEMS OF BENZENI 


The present investigation completes the discussion of the effect of the more 
important terminal groups of absorbing (conjug ited) systems on the corresponding 
K-bands. Our analysis confirms earlier conclusions” that, quite independent of any 
detailed theoretical interpretation, the band system of benzene at approximately 
2000 A corresponds to the K-bands of the investigated benzene derivatives and, thus 
originates in the same allowed transition across the benzene system as indicated by 
the long arrow in(\ 1) (A=B=H) (for a more precise interpretation, see reference ). 


This excited state of benzene possesses approximately the symmetry *F, 


The spectrum of 
band system of 
he invaluable dete 
gated benzene 
vith those 
ngly shown 


and Platt. 
slacements { D) 


46-000 
15-000 143 2033 3-000 
15-000 000 
16-000 199° 30-000 
17-000 203 4-000 
8-000 206 13-000 
6-000 50-000 


8-000 333 32-000 


The 1800 A band system of ben . thus, the corresponding bands of the 
benzene derivatives should be ass! ‘rg transitions originating in the 
double bonds of benzene. This interpretation is In agreement w ith the high intensities 


4. Burawoy, D wraday 
‘*W.C. Price and ilsh, Proc. Ro s A 191, 22, 32 
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of these bands. It also accounts for the much smaller band displacements observed 
on introduction of substituents, since the symmetry characteristic for a Rydberg 
transition which is probably localised in only one of the double bonds of benzene 
(nodal plane in the bond axis) is different from the symmetry of the “‘unperturbed”™ 
States involving the excited electrons of the substituents (nodal plane perpendicular 
to the bond axis). This shor result in a smaller degree of interaction 
Attempts to account for the excited states of benzene by the application 
mathematical meth ave led to the conclusion that the 2000 A band system. in 
ts rather his tensit\ 6000-7000), corresponds to a forbidden transition 
2m at 1800 A which may correspond to an 
teristic for K-bands) 
conclusions of a very detailed and critical 
“The theoretical 
Satistactory There 
the *B,.-type, that a 
a level at 


feasible at the me.” Obviously 
cannot 
1800 A bar 
band systems arrived 
n disagreement with the 
is ol which 
corresponds to the 
2000 A band 1 and not to the [800 A bs tem, and that the latter involves 
electronic tr: tions of the Rydberg type 
This lend ng suy t to the view’ that, apart from the limitations and 
inadequa 1¢ mathemat nethods discussed by Kauzmann, the simplifying 
consideration of the 7-electrons only 
nt m non-localised orbitals—which form the common 
therto applied to the interpretation of more complicated 
ire also at fau These assur Y appear to be 
yns (and related polar ion eff are insufficiently 
NERAL DISCUSSION 
on of electronic spectra of organic molecules and, in 


particula ft th lect of terminal groups of absorbing (conjugated) systems on the 


position o -bands advanced in the ceding papers of this series accounts consis- 


tently for the observ: reporte he present communication 

The wave-mechanical resonance characteristic for the electronic perturbations in 
the excited states of polyelec systems represents a physical phenomenon which 
is absent in the ground state.* Thus, the introduction of a substituent possessing an 
electron affinity similar to the hydrog:n atom, e.g. the vinyl group in styrene, will be 


ne COMMON potential 1 Ol nuclear 


lrame-work of 
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f 
eo distance above it. Other details of the energy level diagram are, however, still not at 
apes all clear, and it is doubtful if calculation: pable of resolving these uncertainties are ig 
The w-electrons are assumed to be moving within orbitals in 
lectror simular to valency clectrons in an atom 
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responsible in the ground state for only a negligible change in the electron system of 
the substituted phenyl group, but displaces the K-band strongly to longer wavelengths 
as a result of the increased perturbation by the electron system of the substituent in 
the excited state. 

On the other hand, factors (solvents, substituents, proton addition) responsible 
for electron-shifts in the ground state of an absorbing system which coincide with the 
direction of the effective charge migration make an additional contribution to the 
stability of the normal excited state, i.e. they displace the corresponding K-band to 
longer wavelengths 

[here is, however, no simple relationship between the polarity ind the electron 
polarisability of different groups or systems This has already been shown for all 
terminal groups C—X,”” in which X is an atom with unshared electrons. The 
electron polarisability increases both in benzene derivatives C,H.—X and in the 
p-aniline derivatives H,N—C,H,—X approxin ately in the same order of groups C—F 

C—H C—OH C—Cl C—Br C—I C—NH, < C—SH. This order 
is not related to the polarity of the covalent bonds and, what is more important, is 
approximately the same, whether these groups are at the electron-donating or the 


* 


electron-receiving end of the charge migration of the transition This is accounted for 
by the fact that these groups are treated as units and that the polarisability of the 
bonding electrons 1s completely masked by the contribution of the increasing 
polarisability of the unshared electrons in the observed order (the effect of which 1s 
mainly transmitted through the covalent bond) 

Similarly, the electron polarisabilities of the CH=-O group and of the C==N group 
in benzaldehyde and phenylcyanide are smaller than those of the CH—€ H, group 


and of the C--CH group in styrene and phenylacetylene respectively, although 


qualitatively the reduced ionisation potential of the carbon atoms and the increased 


electron affinity of the participating atom in the more polar bonds could have been 
expected to be responsible for greatet electron polarisabilities 

These observations can be accounted for by assuming that the polarisabilities of 
the unshared electrons attached to double or triple bonded oxygen and nitrogen 
atoms are smaller than those of the corresponding bonding C—H electrons. The 
high effective nuclear charge at atoms participating in double and triple bonds is 
known to be responsible for shorter and stronger bonds with all substituents including 
the hydrogen atom. The increase of the binding energies of the non-bonding electrons 
can be expected to be even greater, since their attraction is not hindered by nuclear 
repulsions (for discussion of this matter and literature, see reference’). In agreement 
with this interpretation, the difference in the electron polarisabilities of the triple 
bonded C==-CH and C=N groups (D, 378 and 225 A, respectively) is much greater 
than the difference observed for the corresponding double bonded CH=CH, and 
CH=NMe groups (D, 430 and 398 A, respectively) 

The smaller polarisability of the non-bonding electrons o1 of the bonding C—H 
electrons in triple bond groups should also partly account for the observation that 
the total electron polarisability of these groups is smaller than that of double bond 
groups, but, in this case. an additional factor should be taken into consideration. As 


recently pointed out, the excited state of a double bond can be described as a resonance 


* It should be noted, however, that the electron polar sability of these groups is always considerably 


greater towards the aromatic carbon atom than in the opposite direction 
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p- {mino-N-methylbenzaldimide. A solution of p-aminobenzaldehyde (10-0 g) in 
an excess of aqucous methvlamine (33°/ w/v) was allowed to stand for 20 hr. The 
solvent was evaporated over potassium hydroxide in vacuo. The residue consisting 
of almost pure p-an ino-N-methylbenzaldimide crystallised from aqueous methylamine 


as colourless needles of m p 90-9] y ield 9-0 g, SU of theory | xposed to alr, 


the crystals soon turned yellow (probably due to salt form vith carbonic acid). 
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Notes 


benzene with that of its solid complex with chloranil* (both in KBr) 


chloranil is transparent and hexamethylbenzene has no other infra-red active fundamentals.‘ 
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In the two relevant regions 


it is clear from Fig. | that the relevant bands shift to higher frequencies in the complex, the total 


shift estimated for the six methyl modes being about 50 cm 


Evidently in this system, and perhaps 


in general, hyperconjugative electron release from a methyl! group does not lower the appropriate 


force constants, and the observed isotope effect, which is almost certainly related to hyperconjugative 
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